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                                        Para ellas… 
                                     Ametsik gabeko bizitza, izarrik gabeko gaua. 
 
  
  
 
 
 
 
 
  
 
 
 
Nothing in life is to be feared, it is only to be understood. 
Now is the time to understand more, so that we may fear less. 
 
Marie Skłodowska Curie 
 
 
Look up at the stars and not down at your feet. Try to make sense of what 
you see, and wonder about what makes the universe exist. Be curious. 
 
Stephen Hawking 
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Summary 
 
The present thesis, entitled “Raman spectroscopy: a versatile tool in the 
multianalytical characterisation of nuclear fuel”, consists of four main blocks. 
The first part concerns the background information and the consequent 
introduction to the issue under discussion, emphasising the objectives to be 
fulfilled. The second part is devoted to the methodology followed throughout 
the different enclosed studies, in particular with regard to the employment of 
the Raman spectroscopy technique. Then, the third part corresponds to the 
core results obtained and the fourth one to the overall conclusions drawn from 
these outcomes. 
The oxidation of uranium dioxide (UO2), a nuclear fuel used in the 
majority of nuclear plants in operation across the world, has always raised 
great interest. This is due to the potential risks that such process might 
provoke in the event of the presence of any undetected defect in the fuel 
elements or of a complete shielding failure during its storage after being 
irradiated in the reactor. If this occurred under dry interim storage conditions, 
as in the case of the planned Spanish ATC, the contact of atmospheric oxygen 
with the spent nuclear fuel (SNF), which presents a large physicochemical 
complexity and high radiotoxicity, might induce the oxidation of the UO2 
matrix up to U3O8. The latter phenomenon is facilitated by the effect of the 
high temperature aroused from the SNF radioactive decay heat. Given that the 
conversion to U3O8 entails a volume increase of ~36%, SNF integrity loss 
(pulverisation) might take place, hindering its future retrieval and 
management, either with the aim of reprocessing the SNF or refurbishing it 
for its final disposal in geological formations. 
In spite of the wide variety of studies that have been carried out in this 
regard, a more specific characterisation of the different uranium oxides 
involved in UO2 oxidation is still necessary, for the purpose of gaining a 
better understanding of the structural and chemical evolution of the system. 
Moreover, it is important to know how the presence of those transuranic 
elements (Pu, Am…) embedded in the SNF matrix, which are formed in small 
proportions during fission in the nuclear reactor, may affect such reaction. 
Hence, this work presents various advances in the analysis of the SNF 
matrix and its oxidation as a function of distinct factors (namely temperature 
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and the presence of transuranic elements), making use of Raman spectroscopy 
as the primary characterisation technique. Specifically, the main studies 
performed and the general results attained from them can be summarised as 
follows: 1) Analysis of the influence of oxygen incorporation into UO2, 
obtaining an oxidation degree estimation method for the hyperstoichiometry 
range; 2) Application of the previous method for in situ tracking the early-
stage oxidation of UO2, considering the additional effect of temperature; 3)  
Development of a laser heating method for the purpose of in situ 
characterising the oxidation reaction of UO2 and simultaneously estimating 
the temperature at which the different oxidation products are formed; 4) 
Evaluation of the temperature effect, under anoxic atmosphere, on the Raman 
spectrum of UO2; 5) Analysis of the effect caused by Pu incorporation into 
UO2, especially with regard to its influence on the mixed dioxide oxidation; 
and 6) Analysis of the effect caused by Ce incorporation into UO2, especially 
with regard to its influence on the mixed dioxide oxidation, as well as the 
assessment of (U, Ce)O2 as an appropriate surrogate for (U, Pu)O2. 
As a matter of fact, it is evident from the obtained outcomes that Raman 
spectroscopy can be regarded as a useful and versatile tool for analysing the 
SNF condition and its stability against oxidation under dry interim storage 
conditions. This becomes a key point for properly and safely refurbishing the 
SNF after its future retrieval from the temporary storage, either for its 
reprocessing or its final deep geological disposal. 
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Resumen 
 
La presente tesis, titulada “Espectroscopía Raman: una herramienta 
versátil en la caracterización multianalítica del combustible nuclear”, consiste 
de cuatro bloques principales. La primera parte concierne los antecedentes y 
la consecuente introducción al tema en discusión, enfatizando los objetivos a 
cumplir. La segunda parte está dedicada a la metodología seguida a lo largo 
de los distintos estudios incluidos, en particular en lo que se refiere al empleo 
de la técnica de espectroscopía Raman. Así, la tercera parte corresponde a los 
resultados fundamentales obtenidos y la cuarta a las conclusiones generales 
deducidas de ellos. 
La oxidación del dióxido de uranio (UO2), combustible nuclear usado en la 
mayoría de centrales nucleares en operación en el mundo, ha suscitado 
siempre gran interés. Esto es debido a los potenciales riesgos que dicho 
proceso podría provocar si llegara a producirse, durante su almacenamiento 
una vez irradiado en el reactor, la presencia de un defecto desapercibido en 
los elementos combustibles o un fallo de barreras de contención. Si esto 
ocurriera en condiciones de almacenamiento temporal en seco, como en el 
caso del planeado ATC español, el contacto del oxígeno atmosférico con el 
combustible irradiado (CI), el cual presenta una gran complejidad físico-
química y alta radiotoxicidad, podría inducir a la oxidación de la matriz de 
UO2 hasta U3O8. Este fenómeno se ve facilitado por el efecto de la alta 
temperatura generada por el calor residual, proveniente del decaimiento 
radiactivo del CI. Dado que esta conversión a U3O8 conlleva un aumento del 
~36% en volumen, podría llegar a ocurrir la pérdida de integridad 
(pulverización) del CI, dificultando su futura recuperación y gestión, tanto 
con el fin de reprocesarlo como de su acondicionamiento para un 
almacenamiento definitivo en formaciones geológicas. 
A pesar de la gran variedad de estudios llevados a cabo, aún resulta 
necesaria una caracterización más específica de los distintos óxidos de uranio 
que toman parte en la oxidación del UO2, con el objetivo de lograr una mejor 
comprensión de la evolución estructural y química del sistema. Asimismo, es 
importante conocer cómo puede afectar a dicha reacción la presencia de 
elementos transuránicos (Pu, Am…) incorporados en la matriz del CI, los 
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cuales se forman en pequeñas proporciones durante la fisión en el reactor 
nuclear. 
Por ello, este trabajo presenta diversos avances en el análisis de la matriz 
del CI y de su oxidación en función de distintos factores (principalmente 
temperatura y presencia de elementos transuránicos), haciendo uso de la 
espectroscopía Raman como técnica principal de caracterización. En concreto, 
los diferentes estudios realizados y los resultados generales logrados a partir 
de éstos se resumen a continuación: 1) Análisis de la influencia de la 
incorporación de oxígeno en el UO2, obteniendo un método de estimación del 
grado de oxidación en el rango de hiperestequiometría; 2) Aplicación del 
método anterior para seguir in situ la oxidación preliminar del UO2, 
considerando el efecto adicional de la temperatura; 3) Desarrollo del método 
de calentamiento por láser con el fin de caracterizar in situ la reacción de 
oxidación del UO2 y estimar simultáneamente la temperatura a la que se 
forman los distintos productos de oxidación; 4) Evaluación del efecto de la 
temperatura, bajo atmósfera anóxica, en el espectro Raman del UO2; 5) 
Análisis del efecto causado por la incorporación de Pu en el UO2, en 
particular con respecto a su influencia en la oxidación del dióxido mixto; y 6) 
Análisis del efecto causado por la incorporación de Ce en el UO2, en 
particular con respecto a su influencia en la oxidación del dióxido mixto, así 
como la evaluación del (U, Ce)O2 como análogo adecuado para el (U, Pu)O2. 
De esta forma, a partir de los resultados obtenidos resulta evidente que la 
espectroscopía Raman puede considerarse una herramienta útil y versátil a la 
hora de analizar el estado del combustible nuclear y su estabilidad frente a la 
oxidación en condiciones de almacenamiento temporal en seco. Este hecho 
constituye un punto clave para poder acondicionar apropiadamente y de forma 
segura el CI tras su futura recuperación de dicho almacén temporal, tanto a 
efectos de reprocesarlo como de depositarlo de forma definitiva en el 
almacenamiento geológico profundo. 
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After Hiroshima and Nagasaki bombings in 1945, the fear towards nuclear 
energy started to spread amongst the population; some decades later, due to 
nuclear disasters such as the ones occurred in Three Mile Island (1979), 
Chernobyl (1986) and, especially, Fukushima (2011), the debate on nuclear 
electricity generation took on particular relevance. 
Nuclear energy is considered a reliable and non-polluting source, what 
constitutes a positive point with regard to climate change. Nevertheless, it 
presents two fundamental problems that deeply concern to society: the safety of 
nuclear power plants and the management of the radioactive waste generated 
throughout the nuclear fuel cycle. 
The present thesis is developed in the field of the second issue, specifically 
focusing on the Raman spectroscopy analysis of the spent fuel stability under dry 
interim storage conditions. 
 
 
1.1. Spent nuclear fuel management. Alternatives 
The production of nuclear waste in the form of spent nuclear fuel (SNF) is an 
intrinsic feature of any current nuclear plant. Every one-two years, between a 
third and a quarter of the fuel elements in a nuclear reactor core are replaced by 
new ones [1]. Those removed are considered as “spent fuel”. Nonetheless, 
“irradiated fuel” would be a more appropriate name since, although no longer 
usable from a safety and economic perspective, their energy-production capacity 
is not completely spent. 
Almost all the nuclear reactors currently in operation around the world use 
uranium as nuclear fuel, which depending on the kind of reactor can be present in 
either oxide or metallic pellet form, and isotopically enriched (with a greater 
proportion of U235 than the 0.7% natural content of uranium) or not. The fuel 
elements introduced into the reactor core are composed of a set of metallic rods 
containing the latter fuel pellets, which are vertically stacked. The metallic rod 
itself is commonly named fuel cladding and it is considered the primary 
protective barrier for the nuclear fuel. By way of example, Figure 1.1 shows the 
components of a conventional UO2 fuel element/assembly. 
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Fig. 1.1. Scheme of the component parts of a conventional UO2 fuel element. 
 
During fuel irradiation in the reactor, both neutron capture and nuclear fission 
reactions take place, giving rise to fission products (FP), activation products, and 
the generation of plutonium and other minor actinides such as neptunium, 
americium and curium, that contribute significantly to the fuel radiotoxicity. All 
this together with a great heat generation that leads to a thermal gap of ~1300ºC 
between the fuel centre and its surface [2]. In this way, the resulting SNF 
contains practically all the elements of the periodic table, being the major part of 
them in continuous evolution until they attain stability; in other terms, emitting 
ionising radiation and the known as decay heat throughout their radioactive 
decay process. The radiotoxic inventory evolution of a UO2 spent fuel with a 
burnup (irradiation to which the fuel is subjected in order to extract a given 
electric energy amount) of 60 GWd/tU is reflected in Figure 1.2 [3]. 
 
Fig. 1.2. Radiotoxic inventory evolution of a UO2 spent fuel with a 60 MWd/tU 
burnup [expressed in Sieverts per tonne of initial heavy metal (uranium) 
(Sv/THM) versus time (years)] [3]. 
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Moreover, the original fuel suffers significant microstructural modifications 
owing to the physicochemical changes –swelling, cracking (see Figure 1.3), 
recrystallization, defects formation, etc.– caused by both the irradiation and 
thermal cycles undergone in the reactor. Likewise, the fuel cladding experiences 
embrittlement, mainly due to hydrogen absorption during irradiation (see Figure 
1.3) [4]. 
  
Fig. 1.3. Radial optical microscopy image of a SNF, evidencing the existence of 
radial cracks in the oxide and hydrides in the cladding [4]. 
 
Owing to the high complexity and radiotoxicity of the SNF, it is clear that its 
management is not a trivial matter. In all cases, right after its removal from the 
core, the SNF is kept for several years under water in the reactor pool (Figure 
1.4) with the aim of ensuring both cooling and radiation shielding [5]. 
 
 
Fig. 1.4. Storage of SNF elements in a nuclear reactor pool [6]. 
 
Thereafter, two management alternatives are considered, which directly rely 
on the policies of each country: the once-through (or open) fuel cycle and the 
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closed fuel cycle. The main difference between them lies in the reprocessing, 
which is deemed by the closed fuel cycle for the purpose of recycling the usable 
part of the SNF and reducing the waste volume and radiotoxicity, but not by the 
once-trough cycle, whose only target is the safe storage of the SNF as it is until 
its permanent disposal. Anyhow, regardless of the cycle followed, after its 
temporary storage in the reactor pool the SNF must be transferred to interim 
storage facilities (concerning either dry or wet storage), where it will be kept 
until it is ultimately reprocessed or prepared for its final disposal [7]. Figure 1.5 
shows an overview of the different steps involved in the nuclear fuel cycle, 
which comprises from the mining process up to the final disposal of the SNF, 
taking into account the two possible cycles previously described. 
 
Fig. 1.5. The nuclear fuel cycle: from mining to final disposal of the SNF. Once-
through and closed cycles differ in the reprocessing and recycling steps, which only the 
latter undertakes [6]. 
 
Since the SNF contains about 96% of uranium and 1% of plutonium [5] and 
these materials can still be recycled due to their remaining energy content, some 
countries, e.g. France, United Kingdom or Japan, have opted for reprocessing the 
SNF in order to recover them (conventional closed cycle). In this way, uranium 
can be reused as fuel, and the same occurs with the recovered plutonium, which 
mixed with uranium can be used as mixed oxide fuel (MOX) in current nuclear 
reactors. On the other hand, the residual high level waste (HLW) is solidified in 
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appropriate matrix forms such as vitreous forms, in order to both immobilise it 
and reduce its volume for its eventual management. 
A more advanced closed cycle would be based on the partitioning (separation 
from the SNF) of the main actinides and long-lived FP, recycling them in the 
form of advanced fuels for their transmutation (irradiation) in fast neutron 
reactors [8]. Doing so, the volume and radiotoxicity of the HLW would be 
reduced to a large extent (see Figure 1.2) and further energy would be produced. 
Although this challenging alternative has not yet been commercialised, 
significant research is being undertaken in this regard [8]. 
As for the mentioned final disposal, a general consensus has been reached at 
the global level, consisting in the deposition of the nuclear waste –being this 
either the SNF as it is or the vitrified waste coming from the reprocessing– in 
geologic formations where a multi-barrier protection system is considered (see 
Figure 1.6) [9]. This is the so-called deep geological repository. Its expected life 
time is in the order of a million years, time needed for its radioactivity to decay 
down to the inherent levels of natural uranium. 
 
Fig. 1.6. Scheme of the multi-barrier design of a deep geological repository (adapted 
from [2]). 
 
To the present day, Finland is the only country which is already carrying out 
construction activities on their deep geological repository (ONKALO, at 
Olkiluoto nuclear plant site), planning to put it into operation in the early 2020s 
[10]. 
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1.2. Spanish strategy on SNF management 
In Spain there are, at present, seven nuclear reactors in operation (see Figure 
1.7), distributed in five nuclear power plants across the country and providing a 
total power of ~7400 MWe [11]. As shown in Figure 1.7, three other reactors 
have already been disconnected, two of which are undergoing dismantling –the 
third (Garoña) has recently been shut down [12]–. All Spanish reactors belong to 
the LWR (Light Water Reactor) type, except for one of those out of operation, 
Vandellós I, which was a GCR (Gas Cooled Reactor) [1]. 
 
Fig. 1.7. Nuclear power stations in Spain [13]. 
 
The traditional nuclear fuel used in LWRs consists of uranium (U238) dioxide, 
with a slight enrichment of the fissile U235 –normally about 3-5%– to sustain the 
chain reaction [14]. Thus, for the moment, the SNF that needs to be managed in 
Spain presents a UO2 matrix, since all the SNF from the GCR-type reactor (based 
on metallic uranium) was reprocessed several years ago at COGEMA facilities in 
France for technical reasons [1]. 
Another potential fuel that could be used in the Spanish reactors (and thus has 
been taken into consideration as a subject of study in this thesis) is the already 
mentioned MOX fuel, widely used nowadays by several countries in some of 
their traditional LWRs. This reprocessed fuel, composed of a mixture of depleted 
uranium and plutonium, with a content of the latter that can reach up to 12% 
(containing around two thirds of fissile isotopes, i.e. ~50% Pu239 and ~15% Pu241) 
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[15], is a suitable alternative to enriched UO2. Both fuels behave in a similar 
way, and the single change required for the use of MOX in a conventional LWR 
is an increase in the amount of control rods (neutrons absorbers to moderate the 
fission rate). Anyway, the replacement of UO2 by MOX fuel can only be 
performed partially, between one-third and half of the core loading, and greater 
proportions of MOX would require new designs of current or future reactors 
[15]. 
In relation to the SNF management, Spain has decided to follow the once-
through cycle, planning as part of its strategy the construction of a dry interim 
centralised storage (where the SNF is expected to be kept until its final deep 
geological disposal) [1]: the ATC facility –an acronym that comes from its 
Spanish name, Almacén Temporal Centralizado–. The choice of a centralised 
storage arises as a result of 1) the necessity of complementary temporary storage 
capacity, given the foreseen saturation of the storage facilities in the nuclear 
plants, and 2) the preference of storing all the Spanish SNF in one single site, 
considering the obvious advantages that the management of a sole facility 
involves in comparison with that of spread facilities. On the other hand, the dry 
storage option has been chosen on the basis of the wide international experience 
dealing with dry cask technologies [7]. 
The ATC is projected to store, during 60 years (being its design life of 100 
years), all the SNF and HLW derived from 40 years of Spain’s nuclear plants 
operations [1], as well as those produced over the coming years. Its design is 
based on a modular and reversible vault storage system (Figure 1.8), similar to 
that of the HABOG facility currently in operation in the Netherlands, which is 
being taken as a point of reference [16]. In Spain, such a dry storage is licensed 
for SNF surface temperatures up to 400ºC [7]. 
The main feature of the ATC is its multi-barrier and passive –natural 
convection ventilation– system, which ensures the confinement of the nuclear 
waste and the facility safety [16]. In particular, after the reception and 
preparation of the SNF canisters, the fuel rods discharged from them are planned 
to be inserted into a cask/capsule (first barrier) under inert atmosphere, which 
will then be kept inside a tube (second barrier) in the storage modules (see Figure 
1.8). 
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Fig. 1.8. ATC project (Spanish dry interim centralised storage) [16]. 
 
Although starting operations were scheduled for 2017, various political issues 
have led to a delay in its commission, whose date has not yet been defined. 
With regard to partitioning and transmutation of long-lived radionuclides in 
order to reduce the volume and radiotoxicity of the nuclear waste, these 
alternative management options are not considered relevant enough at the 
moment [1]. However, it has been established that Spain should follow up the 
advances carried out in these fields, and accordingly participate in the 
corresponding international programs. 
Furthermore, if a change in the current policies were to take place in the 
future, implying the willingness to retrieve the SNF for its reprocessing, the 
reversible feature of the ATC would make it possible. In this context, the 
condition of the SNF at the time of such retrieval becomes an important point to 
take into consideration. 
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1.3. SNF matrix oxidation: A potential risk during dry 
storage 
In order to develop an adequate management of the SNF, it is crucial to know 
each and every property derived either from its initial features and from the 
processes it has been subjected to during its irradiation in the reactor.  
The stability of the SNF against oxidation is one of those properties that must 
be taken into account. Most of the transuranic elements (which commonly appear 
in the form of oxides) and FP, are embedded inside the SNF dioxide matrix [2]. 
Thus, their potential release will basically depend on the behaviour of this 
matrix. Given the magnitude of the effects on the population and the environment 
that such a release might provoke, even the least likely but possible scenarios 
concerning the dry storage of SNF, as in the case of the ATC, must be examined. 
In the event of the presence of any undetected defect in the fuel elements 
(produced either during fabrication, irradiation cycles, transport or manipulation) 
or of a complete shielding failure during storage, the SNF might come into 
contact with the atmospheric oxygen. And it is well known that the UO2 matrix, 
which is the one that current Spanish SNF presents, is not thermodynamically 
stable under these oxidising conditions [17]. 
UO2 oxidation reaction has been extensively investigated throughout more 
than 50 years. One of the reasons why this oxidation has aroused so much 
interest is the volume increase, of approximately 36%, undergone by the UO2 
SNF matrix through its transformation into U3O8 [18]. Under the temperature 
conditions expected at the ATC, being the maximum licensed temperature of 
400ºC [7] as already mentioned, different oxidised phases of uranium might be 
formed in the presence of oxygen, even possibly occurring full conversion to 
U3O8 (further oxidation to UO3 can occur, but this oxide is usually not taken into 
account since it rapidly decomposes in air to the much more stable U3O8) [17]. 
The dashed square in Figure 1.9 shows the latter possible oxides, although it 
should be noted that no properly updated and consensual phase diagram is 
available in the literature [19]. The swelling effect suffered by the SNF matrix 
would then lead to an increased strain on the fuel cladding and, consequently, to 
an elevated risk of its structural integrity loss [20]. In that case, the safety of the 
future handling of the SNF –when the time comes to reprocess it or permanently 
dispose it– would be seriously compromised. 
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Fig. 1.9. Uranium-oxygen temperature/composition phase diagram (adapted from 
[18]). 
 
Thereby, a thorough understanding of UO2 oxidation becomes a matter of 
priority when assessing the stability of the Spanish SNF under dry interim 
storage conditions. Likewise, the behaviour against oxidation of other potential 
fuel matrices in this same scenario, such as the mixed uranium-plutonium 
dioxide matrix of MOX fuels, is an important subject that should be beared in 
mind. 
 
1.3.1. UO2 matrix oxidation 
The oxidation of uranium dioxide is described, in general terms, by the 
following reaction sequence [21]: 
                                        UO2→U4O9→U3O7→U3O8                           (Eq. 1.1) 
The first and second steps, traditionally regarded as one single step [17], are 
related to an oxygen diffusion mechanism that leads to the formation of the 
intermediate U4O9 and U3O7 phases [17,21], while the final conversion to U3O8 
corresponds mainly to a nucleation and growth process [17,21,22]. 
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Stoichiometric UO2 presents a fluorite-type cubic structure with a lattice 
parameter of around 5.47 Å [23]. In this structure, uranium ions (U4+) occupy the 
positions corresponding to the fcc (face centre cubic) lattice, whilst oxygen ions 
(O2-) are located in the tetrahedral positions (see Figure 1.10). 
 
Fig. 1.10. Fluorite-type cubic structure of stoichiometric UO2. 
 
The incorporation of oxygen into the UO2 lattice causes a slight distortion in 
the latter, giving rise to hyperstoichiometric UO2+x [24]. Owing to the excess of 
hosted oxygen atoms in UO2+x, the cubic crystalline lattice reportedly experiences 
an overall contraction as the oxidation degree increases [23,25-28]. In this way, 
the altered cubic structure is maintained up to x ~ 0.25 (in UO2+x) [24], limit 
corresponding to U4O9 (also considered a hyperstoichiometric oxide [21]). As 
shown in Table 1.I, the lattice parameter is significantly reduced in the course of 
UO2 oxidation to U4O9. In consequence, U4O9 is usually known as “superlattice”, 
being capable of hosting a higher amount of oxygen atoms –arranged in clusters– 
while preserving its cubic structure [29]. 
It is noteworthy that there are too few experimental data in the literature with 
regard to the structural transitions taking place over this hyperstoichiometry 
region. He and Shoesmith [30] studied the defect structures in UO2+x oxides and 
identified four structural defect regions: i) a random point defect structure [24] (x 
≤ 0.05 (in UO2+x)); ii) a non-stoichiometry region where point defects are 
gradually substituted by Willis 2:2:2 clusters [31] (0.05 ≤ x ≤ 0.15); iii) a mixture 
of Willis and cuboctahedral clusters [32] (0.15 ≤ x ≤ 0.23); and iv) cuboctahedral 
clusters (x ≥ 0.23). However, a more detailed analysis is needed in order to 
confirm such assumptions and to give further explanation to the maintenance of 
the cubic structure during the evolution from UO2 to U4O9. 
Oxygen integration beyond U4O9 generates distortions which lead to a change 
in the crystallographic system, from cubic to tetragonal, thus resulting in the 
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U3O7 phase (see Table 1.I) [33]. Furthermore, if oxidation still proceeds, the 
orthorhombic structure of U3O8 is formed [34]. The density of U3O8 is much 
lower than that corresponding to UO2 (see Table 1.I), i.e. its volume is much 
larger, what hence induces spalling and even pulverisation in the case of U3O8 
formation on pellets (Figure 1.11). 
The UO2 matrix of the SNF thus undergoes this same oxidation process, the 
only difference lying in the kinetics, which has been observed to change due to 
the presence of those transuranic elements and FP formed (~5%) during fuel 
irradiation as well as to the alteration provoked by irradiation itself [35-37]. 
Table 1.I. Structural characteristics of the main uranium oxides [34]. 
OXIDE CRYSTALLOGRAPHIC STRUCTURE UNIT CELL (Å) 
DENSITY  
(g/cm3) 
UO2 Cubic a=5.47 10.96 
U4O9 Cubic a=5.44 11.30 
U3O7 Tetragonal a=5.47; c=5.39 11.40 
U3O8 Orthorhombic 
a=4.15; b=11.97; 
c=6.72 
8.35 
 
 
Fig. 1.11. Swelling (middle) and consequent spalling (right) produced by U3O8 formation 
during oxidation of a UO2 pellet (left). (SEM images acquired at CIEMAT facilities) 
 
In particular, the oxidation rate of the UO2 SNF matrix, when compared to 
unirradiated UO2, is considerably higher for the first step related to U4O9 
formation. This effect is partly on account of the concentration of FP gas bubbles 
in the grain boundaries, what provides an easy access to oxidation [38]. In 
contrast, once U4O9 is formed there appears to be a certain stabilisation of this 
phase (which may host oxygen over its corresponding UO2.25 stoichiometry, even 
up to UO2.5 [39]) and an inhibition/delay of the complete oxidation to U3O8, 
possibly because of the presence of those elements that have been dissolved in 
the matrix [34,37,40-42]. 
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1.3.2. MOX fuel matrix oxidation 
Uranium-plutonium mixed oxides have also been often investigated with the 
aim of understanding how the matrix of MOX SNF behaves in air and the effect 
of Pu content on its oxidation. This kind of studies are of special interest given 
that they may provide, at the same time, useful information for assessing the 
influence of the presence of transuranic elements on the oxidation of a 
conventional UO2 SNF matrix, taking very low concentrations of Pu as a 
reference (in the order of 1%, as contained in an UO2 SNF [5]). 
The (U, Pu)O2 matrix of a MOX SNF can be considered as a UO2 cubic lattice 
where U4+ ions have been partially substituted by Pu4+ ions. Indeed, since PuO2 
oxidation in air has been reported to be quite unlikely [43], it is not surprising 
that oxidation of such a uranium-plutonium mixed dioxide will be basically 
governed by the reaction pathways of UO2 (those described in Section 1.3.1). 
Back in the 1970s, the first oxidation analyses performed by X-ray diffraction 
(XRD) on (U1-y, Puy)O2 oxides with different y values between 0.2 and 0.3 
[44,45] showed the transformation of the initial MO2 phase –where M=U, Pu– 
into two mixed product phases: an orthorhombic M3O8 and a cubic M4O9 phase 
(with an observed maximum O/M ratio of ~2.35). Besides, it was found that an 
increase in Pu content in that range resulted in a hindering effect on the M3O8 
phase formation, with a consequently lower mechanical degradation of the 
samples [44]. Other recent studies focused on the reactivity of uranium-
plutonium mixed oxides when subjected to air oxidation [46,47] have likewise 
noticed the strong dependency on Pu content of the M3O8 formation resistance 
and, by extension, of the longer stabilisation of the cubic M4O9 phase. 
The small amount of studies focused on the latter issue is mainly due to the 
hazardous feature of plutonium, which complicates both the handling and 
analysis of this kind of samples considerably. For this reason, analogous 
measurements are usually performed making use of the non-radioactive CeO2 as 
a surrogate for PuO2, what will be further addressed in Result 6 of Part 3. 
In the latest years, owing to the progress achieved in the better adaptation of 
the different techniques to working under extreme conditions, especially with 
regard to Raman spectroscopy (as will be detailed in Section 1.4), actual MOX 
irradiated fuels have been characterised and their air oxidation resistance 
evaluated [48]. The latter study, whose overall results are in quite good 
agreement with those obtained on unirradiated (U, Pu)O2 mixed oxides, has 
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actually confirmed the significant impact of plutonium content on the stability of 
the MOX matrix against oxidation. In this way, Pu-enriched agglomerates heated 
in air under the laser beam present a great structural stability, with M4O9 phase 
stabilisation and no M3O8 formation detected. 
Although not yet ascertained, the oxidation-hindering behaviour produced by 
the presence of plutonium might be mainly associated with the effect that these 
cations cause on the lattice parameter of (U, Pu)O2, which decreases linearly with 
the increase in Pu content following Vegard’s law (see Table 1.II) –mainly due to 
the smaller crystal radius Pu4+ ions present as compared to the substituted U4+ 
ions– [47,49-55]. 
 
Table 1.II. Evolution of the lattice parameter a with Pu content in (U1-y, Puy)O2 [50]. 
y (at.% Pu) a (Å) [XRD] a (Å) [Vegard’s law] 
0 5.470(2) 5.47 
7 5.465(2) 5.4648 
15 5.457(2) 5.4589 
30 5.444(2) 5.4478 
50 5.434(2) 5.4330 
100 5.398(2) 5.3960 
 
Nonetheless, no systematic Raman analysis of (U, Pu)O2 oxidation as a 
function of Pu content has been carried out so far, what would provide deeper 
understanding on the subject, as hereunder described. For instance, such study 
would help to confirm whether the effect of Pu on the dioxide oxidation follows 
a continuous trend as the content of this transuranic element increases. 
 
1.4. Use of Raman spectroscopy for studying nuclear 
materials 
It may be interesting to note at this point that the major part of the studies 
carried out in relation to the SNF matrix oxidation concerns the use of traditional 
characterisation techniques, such as thermogravimetry analysis and XRD. In 
contrast, Raman spectroscopy, which has been shown to be a very helpful 
technique in several scientific and technological areas, is not yet broadly spread 
in the field of nuclear materials. As a matter of fact, despite its growing use on 
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the latter field over the last years [30,32,46,48,56-74], the existing Raman 
databases corresponding to the oxidation products of the UO2 matrix and other 
uranium-based nuclear fuels are quite scarce. 
Even in the particular case of UO2, which can be considered the simplest 
system among uranium-based oxide fuels, some of its oxidation products have 
not yet been properly characterised by Raman spectroscopy. For example, the 
hyperstoichiometric UO2+x oxides have not been quantitatively analysed as a 
function of the oxidation degree, and the Raman spectrum corresponding to the 
U3O7 phase has never been reported. In addition, a deep study on all the 
vibrational modes featured in the Raman spectrum of UO2, such as on their 
temperature dependence, has not been carried out. The typical Raman spectrum 
of UO2 and that of its identified oxidation products are reflected in Figure 1.12. 
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Fig. 1.12. Typical Raman spectrum of a) UO2, b) UO2+x, c) U4O9 and d) U3O8. The 
main characteristic Raman bands of each oxide have been marked. 
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The high sensitivity of Raman spectroscopy for differentiating between 
chemically similar compounds [30,32,57] as well as for detecting various 
structural defects –like those due to irradiation [61,63] or doping [64,68,69,72]– 
and, especially, its fulfilment of the safety requirements necessary for handling 
nuclear materials, make this technique a point of reference. To this effect, among 
the wide variety of advantages it offers, the following can be highlighted: 1) it 
does not require any special preparation of the sample, 2) it allows the analysis of 
a very small amount of sample, 3) it requires no direct contact between the 
experimental set-up and the analyte, 4) it can be easily implemented (remote 
analysis, Raman probes, handheld systems, etc.) for different applications, and 5) 
it is a non-destructive technique, as far as the excitation laser power density is 
controlled. 
Moreover, the latest advances in the use of fibre optics [48,62] and the 
enhancement of local confinement techniques for highly radioactive samples 
(Figure 1.13) [67], both with the aim of avoiding nuclearisation of the Raman 
equipment partially or totally, are fostering new studies focused on hazardous 
compounds nearly unexplored so far. 
 
Fig. 1.13. α-shielding Plexiglas capsule developed at JRC-Karlsruhe [67] for the 
measurement of radioactive samples. 
 
All in all, given the relevant information that Raman spectroscopy can 
provide (see Part 2 for further information), the employment of this technique 
needs to be considered if a deeper comprehension of the air oxidation process 
experienced by actual and potential SNF dioxide matrices is to be achieved. In 
this sense, Raman databases regarding the corresponding oxidation products of 
the latter processes must be further developed (characterising them in detail) and, 
in parallel, new methods enhancing the functionality and applicability of the 
Raman technique to radioactive materials must be pursued. 
 Key concepts and objectives                                                                                                                           19 
 
 
1.5. Objectives of this thesis 
The importance of further understanding the oxidation process of the spent 
nuclear fuel matrix under dry storage conditions has been highlighted, as well as 
the assets that Raman spectroscopy can provide in this field. Hence, the main aim 
of this thesis entails the application of the Raman technique to the analysis of the 
SNF matrix oxidation in air, taking into account various factors (like temperature 
and the presence of transuranic elements) that may affect the reaction. 
In particular, after the recent introduction to the key concepts of the subject in 
question and the methodology hereafter described (Part 2), the following general 
objectives are addressed throughout this work. They have been organised in 
different sets of chapters to give the necessary consistency: 
 Attainment of a deeper insight into UO2 and its oxidation process on the basis 
of Raman spectroscopy. It involves the commissioning of the Raman 
technique for a better characterisation of the UO2 SNF matrix and its higher 
oxidation-state oxides, thus developing advances and/or improvements in this 
regard (Part 3: Results 1-4). 
 Assessing the influence of the presence of transuranic elements on the SNF 
dioxide matrix oxidation. This consists in the application of the previously 
developed Raman methodology to the analysis of more complex and realistic 
systems, such as the air oxidation of uranium-based mixed dioxides (Part 3: 
Result 5 and Result 6). 
Finally, the overall conclusions drawn from all the findings exposed along 
these six chapters –each of which corresponds to a scientific article, as listed in 
Section 1.6– are compiled in Part 4. 
 
1.6. List of publications 
The different scientific articles that have been comprised in this thesis are 
hereunder detailed, merely adapted in format. They correspond, in order of 
appearance, to Results 1-6 of Part 3: 
 J. M. Elorrieta, L. J. Bonales, N. Rodríguez-Villagra, V. G. Baonza and J. 
Cobos, “A detailed Raman and X-ray study of UO2+x oxides and related 
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structure transitions”, Phys. Chem. Chem. Phys., 18, 28209-28216 (2016). 
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Spectrosc., 1-7 (2018). DOI: 10.1002/jrs.5347. 
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dependence of the Raman spectrum of UO2”, J. Nucl. Mater., 503, 191-
194 (2018). DOI:10.1016/j.jnucmat.2018.03.015. 
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Various characterisation techniques can be currently employed for the 
analysis of uranium-based dioxide fuels and their oxidation products, presumably 
being XRD the most common. Anyhow, Raman spectroscopy might provide 
valuable help to the study of the latter systems. Owing to its high sensitivity, 
slight changes or structural defects occasionally undetectable by other techniques 
can be conversely observed by Raman spectroscopy. 
A detailed analysis of the acquired Raman spectrum supplies relevant 
information on chemical composition and structural properties. Indeed, the 
application of such an analysis has allowed us to track the evolution of defects 
associated with oxygen incorporation during oxidation, vacancies or with cations 
substitution (doping), as will be shown throughout this thesis. 
The present part is focused on the methodology applied for the 
accomplishment of the Raman studies compiled in Part 3. In this sense, the 
general structure followed is first exposed and, thereafter, the fundamentals of 
Raman spectroscopy, the equipment used, the samples preparation and the 
spectral analysis procedure are described in detail. 
 
 
2.1. General structure of this thesis 
All the studies gathered in the results part (Part 3) are mainly based on the 
application of the Raman spectroscopy technique to UO2, although assessing 
different affecting/complicating factors in each one. In this way, these Raman 
studies can be structured and defined as follows: 
 Result 1. Analysis of the influence of oxygen incorporation into UO2, 
obtaining an oxidation degree estimation method for the hyperstoichiometry 
range. 
 Result 2. Application of the previous method for in situ tracking the early-
stage oxidation of UO2, considering the additional effect of temperature. 
 Result 3. Development of a laser heating method for the purpose of in situ 
characterising the oxidation reaction of UO2 and simultaneously estimating 
the temperature at which the different oxidation products are formed. 
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 Result 4. Evaluation of the temperature effect, under anoxic atmosphere, on 
the Raman spectrum of UO2. 
 Result 5. Analysis of the effect caused by Pu incorporation into UO2, 
especially with regard to its influence on the mixed dioxide oxidation. 
 Result 6. Analysis of the effect caused by Ce incorporation into UO2, 
especially with regard to its influence on the mixed dioxide oxidation. 
Assessment of (U, Ce)O2 as an appropriate surrogate for (U, Pu)O2. 
The latter results structure can be appreciated in the graphical scheme shown 
in Figure 2.1. 
 
Fig. 2.1. Graphical scheme describing the results structure followed in this thesis. 
 
Therefore, an introduction to Raman spectroscopy as well as a thorough 
description of the specific Raman methodology followed can be hereunder found. 
It is noteworthy that the characterisation techniques used in a complementary 
fashion to Raman spectroscopy, i.e. XRD, thermogravimetry analysis and 
scanning electron microscopy (SEM), are namely detailed in the corresponding 
chapters. 
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2.2. Introduction to Raman spectroscopy 
The designation of Raman spectroscopy is due to C. V. Raman, who 
experimentally discovered this effect in 1928 when observing the scattering of 
light produced by molecules (although it had already been predicted by Smekal 
[1]). His rigorous and complete study [2] was recognised with the Nobel Prize in 
1930. Anyway, it was not until the emergence of the laser in 1960 that it was 
possible to examine the Raman Effect more thoroughly. 
 
2.2.1. Some fundamental notions 
When impinging a monochromatic radiation, i.e. laser, on some substances 
and plotting the intensity of the scattered radiation vs. the difference between the 
incident and scattered radiation frequencies (ν0-νs), a characteristic Raman 
spectrum of the particular substance is obtained. Indeed, practically the same 
spectrum is acquired for any frequency of the excitation source (ν0), being the 
acquired frequencies (Raman lines positions) maintained [3]. By way of 
illustration, Figure 2.2 shows a comparison between the Raman spectrum of UO2 
acquired with a red laser and the one acquired with a green laser, where the two 
main characteristic Raman lines are observed at exactly the same position, 
although their relative intensities have notably changed. 
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Fig. 2.2. Raman spectrum of UO2 acquired with different excitation frequencies. 
 
 30                                                Part 2 
In the Raman Effect the scattered photons appear almost instantly after the 
radiation incidence (~10-15 s), unlike an elastic absorption process where the 
response is slower (10-9-10-12 s) [4]. In this way, it is considered an inelastic 
scattering process between the incident light and matter. 
In order to induce the Raman phenomenon, the employed incident frequency 
needs to be low enough –usually in the ultraviolet-visible (UV-visible) region– 
not to produce an electronic transition. Thus, in this case, the frequencies (ν0-νs) 
of the Raman lines obtained correspond to the spacing between vibrational or 
rotational energy levels [4]. In essence, the incident photon of energy ħν0 
interacts with a molecule and produces one of those transitions, what entails an 
energy transfer of ħ(ν0-νs). The scattered photon then emerges with an energy 
ħνs, which is shifted with respect to the incident energy in a quantity equal to the 
energy lost or gained by the molecule. The intermediate higher-energy state 
reached in the latter process is virtual [3], meaning that it does not correspond to 
one of the characteristic energy states of the molecule as in the case of absorption 
phenomena. 
The Raman Effect can be similarly described either in the context of quantum 
[5] or classical [6] mechanics, simplifying the system to the case of a diatomic 
molecule that vibrates as a result of its interaction with the incident light (Figure 
2.3). 
 
Fig. 2.3. Simplified model of a diatomic molecule (adapted from [7]). 
 
In fact, since in both interpretations the harmonic oscillator approximation is 
taken into account, the vibration frequency (ν) of the molecule can be basically 
defined in terms of its bond strength (k) and reduced mass (µ) [4]: 
                                                   ν                                           (Eq. 2.1) 
being                                           µ  	
	
                              (Eq. 2.2) 
where m1 and m2 are the masses of the atoms that compose the molecule. 
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As for the vibrational virtual states reached by the molecule in the Raman 
process, the quantum description accordingly relates them to the energy levels 
(En) of a one-dimensional harmonic oscillator [4], 
                                En   +  ℎν												  0,1,2…                       (Eq. 2.3) 
Where n is the vibrational quantum number, h is Planck’s constant and ν 
represents the frequency of vibrational quanta called phonons, which are 
responsible for inelastically scattering the incident photon [8]. 
Considering a classical interpretation, such virtual states would be created as a 
consequence of the polarisation (or change in polarisability) induced by the 
interaction between the electric field of the incident light and the electron cloud 
of the molecule [8]. 
If a polyatomic molecule of N atoms is reckoned, the corresponding normal 
modes of vibration are 3N-6, exceptionally being 3N-5 in the case of a linear one. 
These normal modes represent the vibrations that simultaneously take place in 
different parts (chemical bonds) of the molecule. In order to qualitatively 
determine the normal modes induced in a particular molecule, group theory needs 
to be applied, taking into account the molecular point group that defines its 
symmetries and consequent selection rules [9]. 
It hence becomes clear that a Raman spectrum contains essential information 
about vibration frequencies, which are specific of the studied substance since they 
are related to the molecular structure and its surroundings. 
 
2.2.2. Contributions to the Raman spectrum 
As Raman scattering is induced, three simultaneous processes actually take 
place, basically differing in the relation between the incident (ν0) and scattered 
(νs) photon frequencies [8]. These processes, graphically represented in Figure 
2.4 along with an infrared (IR) absorption process for the sake of comparison, are 
divided as follows: 
• For ν0 >νs: Raman Stokes transitions Set of frequencies corresponding to a 
transition where the molecule ends in a higher energy state than the initial one. 
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• For ν0 <νs: Raman anti-Stokes transitions Set of frequencies corresponding 
to a transition where the molecule ends in a lower energy state than the initial 
one. 
• For ν0 =νs: Rayleigh elastic scattering Frequency corresponding to that of 
the incident light (the excitation frequency). 
 
 
Fig. 2.4. Energy level diagrams describing the physical phenomenon of (1) IR 
absorption, (2) Rayleigh scattering, and (3) Raman scattering (adapted from [7]). 
 
Even though it is not a Raman transition, Rayleigh scattering is unavoidable 
when performing Raman spectroscopy. This radiation constitutes the major part 
of the scattered beam intensity, making it difficult to isolate the much weaker 
Raman-scattered light. As a matter of fact, in the latter case the incident/emergent 
intensities ratio is only of the order of 10-5-10-8 [8], what requires an intense 
excitation radiation as well as the correct removal of the Rayleigh Effect 
contribution. In this sense, different elements or configurations are used in 
conventional Raman spectrometers (see Section 2.3.1) to avoid the Rayleigh 
straight-scattered light, e. g. notch filters (which are high-pass filters that only 
remove a frequency range close to the excitation frequency) or edge filters (which 
remove the latter range and all frequencies below, not allowing to acquire the 
anti-Stokes Raman lines). 
As for the Stokes and anti-Stokes lines, these are analogous in the Raman 
spectrum (being like a reflection of each other with regard to their positions), 
while their intensities differ notably. This occurs because the intensity of a given 
Raman line is closely related to the population of those levels involved in its 
corresponding Raman transition [4]. In this respect, the intensities of the anti-
Stokes lines are always lower due to their lower transition probability –their 
related levels are less populated– [8]. Such difference in intensities can be clearly 
appreciated in Figure 2.5, where both the Stokes and anti-Stokes contributions of 
the Raman spectrum of UO2 are shown. 
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Fig. 2.5. Raman spectrum of UO2, where both Stokes and anti-Stokes lines have been 
acquired. 
 
The relation between the intensities of equivalent Stokes and anti-Stokes lines 
is thus dependent on the population of the molecule states and, consequently, 
taking into account the Boltzmann distribution, on temperature as follows [10]: 
                               

  
 
! "
# $!	
%&' 
()
                    (Eq. 2.4) 
where ω0 is the wavenumber of the excitation line, ωj are the wavenumbers of 
the different Raman lines, Ianti-Stokes and IStokes are the intensities of the anti-Stokes 
and Stokes lines, kB is the Boltzmann constant, c is the speed of light, h is 
Planck’s constant and T is temperature. 
It should be noted that, as in the latter expression, Raman frequency shifts are 
typically expressed in wavenumber units (cm-1). This comes from the following 
conversion: 
                                                ∆+  
λ
− 
λ
                                        (Eq. 2.5) 
where ∆ω corresponds to the Raman shift expressed in wavenumber, λ0 is the 
excitation wavelength and λs are the different wavelengths measured by the 
spectrometer. 
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Taking advantage of the statistical relation of Equation 2.4, the system 
temperature can be roughly estimated (as reflected in Result 3 of Part 3). 
Anyhow, as both Stokes and anti-Stokes lines provide the same information, if 
the temperature estimation is not required it is common to measure the Stokes 
lines only, whose probability is higher and thus a better spectrum can be acquired. 
Occasionally, electronic excitation may be induced together with vibrational 
excitation when working in the UV-visible region, being originated from a so-
called vibronic transition (electronic and vibrational transitions coupling due to 
resonance Raman scattering) [8]. Thus, in these cases electronic contributions 
may also be detected in the Raman spectrum (an example of this feature can be 
seen in Figure 3.4.4a of Result 4). 
If we go back to Equation 2.1, it is easy to notice that vibrations of light atoms 
will present high frequencies, whereas those of heavy atoms will conversely 
present low frequencies. Thereby, Raman shifts (hereafter indistinctly referred to 
as wavenumbers) may be mainly found in the range covering from approximately 
10 to 4000 cm-1 [4], evidently depending on the type of substance analysed. 
 
2.2.3. Temperature influence and anharmonicity 
So far, we have been discussing about single molecules but, in order to take a 
more realistic approach, it becomes necessary to consider the studied sample as a 
set of molecules that interact with each other. Indeed, given that all samples used 
in the present work are crystalline solids, we will hereon conceive our system as a 
crystal lattice where atoms are found sequentially ordered. In this case, lattice 
vibrations induced by Raman scattering can likewise be associated with phonons 
[8]. 
The marked effects produced in the Raman spectrum of a crystal when this is 
subjected to heating are strongly related to anharmonicity [11], indicating that the 
atoms actually behave like anharmonic oscillators within the lattice. Those 
variations of thermal origin are, as a function of temperature, a change in the 
frequency shifts as well as a change in the width and integrated intensity of the 
Raman lines [12]. It should be noted that each line in the spectrum is influenced 
in a different manner, since it corresponds to a particular normal mode. By way 
of example, the effect of temperature on the Raman spectrum of UO2 is shown in 
Figure 2.6, where a downshift, a slight broadening and a decrease in intensity can 
be observed for the two main characteristic Raman lines as a function of 
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increasing temperature. For this reason, the evolution of the frequency shifts and 
linewidths with temperature is commonly used as a source of information on the 
anharmonic interactions taking place within the lattice (lines intensities are not 
used since they are highly influenced by extrinsic factors). 
It is well-known that, when temperature increases, crystals experience lattice 
expansion. This obviously implies an increase in the lattice parameters, what is an 
evidence of anharmonicity and would arise from the impact of temperature on the 
population of the energy levels of each normal mode [13]. A lattice parameter 
growth consists basically in an increase in the inter-atomic distances and a 
subsequent weakening of the bonding forces [14]. Such a weakening thus 
contributes to a lowering of the vibrational frequencies (see Equation 2.1). 
However, the variation with temperature of the frequency shifts corresponding to 
the different normal modes does not only depend on thermal expansion, but also 
on the originated anharmonic phonon interactions, where non-equilibrium 
phonons decay into lower-energy phonons or their frequencies change due to the 
scattering they suffer by means of thermal phonons [13]. 
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Fig. 2.6. Raman spectrum of UO2 acquired at different temperatures under inert 
atmosphere. 
 
On the other hand, despite the theoretical sharp shape that Raman lines should 
feature –representing a specific mode frequency–, an intrinsic width is 
experimentally observed, being these lines in consequence generally called bands. 
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The factors that contribute to this actual width may be divided as follows: 1) 
factors which are independent of temperature, such as the finite resolution of the 
spectrometer [15], impurities and defects provoking elastic scattering processes 
[16], or natural isotopic dispersion [16], and 2) the anharmonic decay of phonons 
[17], which is a temperature-dependent process. Hence, since the lattice 
anharmonicity that generates expansion only affects the frequency shifts, the 
change in linewidth with temperature would exclusively reflect the anharmonic 
phonon damping caused by decay to lower-energy phonons [17], accordingly 
resulting in line broadening. 
All in all, Raman spectroscopy is capable of identifying different expressions 
of anharmonicity, as we have just seen with regard to the influence of 
temperature on the Raman spectrum. The weak allowance of overtones is, for 
example, another evidence of anharmonicity. Overtones, which consist in 
multiples of a fundamental vibration (occurring when more than one quantum of 
energy corresponding to that vibration frequency reach the molecule), are 
forbidden in the harmonic approximation but can sometimes be detected in the 
Raman spectrum [18]. In fact, their frequency is a multiple of their corresponding 
fundamental frequency under any perturbation (a bit less due to anharmonicity) 
[18], thus presenting the same temperature evolution as the fundamental vibration 
(see Result 4). 
 
2.3. Raman equipment 
The instruments that have been required for the Raman spectroscopy 
measurements performed along this thesis are, in short, two different Raman 
spectrometers and a temperature controlled microscope stage. The reason for 
using an additional spectrometer to the one available at CIEMAT facilities lies in 
the necessity of special features or conditions that this could not fulfil: 1) the 
acquisition of the anti-Stokes Raman lines in order to estimate the system 
temperature (Result 3), since it employs an edge filter; and, most notably, 2) its 
adequate conditioning inside a radioactive facility to measure highly radioactive 
materials as plutonium-containing samples (Result 5). The Raman spectrometer 
available at JRC Karlsruhe facilities, in turn, met both circumstances. 
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2.3.1. Raman spectrometers 
The fundamental components of Raman dispersive spectrometers, as those 
employed in this work, can be enlisted as follows [7]: 
Excitation source: Traditionally, mercury arc lamps were used as light sources 
until being replaced by laser sources. Laser beams are highly monochromatic, 
present small diameter and, with the help of different optic devices, can be 
focused on small samples. In addition, in order to enhance the laser quality it is 
possible to employ a pass-band filter, designed to pass only a certain band of 
frequencies while attenuating all signals outside this band. This component is 
commonly known as interferometric filter. 
Sample illumination system and collection optics: The collimation and 
focusing optics of the exciting radiation onto the sample depends on the 
experimental setup. In principle, excitation and collection from the sample can be 
accomplished in any geometry, although 90 and 180°C (backscattering) are more 
frequently employed. On the other hand, the use of fiber optics helps to make the 
spectrometers more versatile, although they remarkably reduce the incident light 
intensity. 
Wavelength selectors and/or separators: The separation or removal of the 
intense Rayleigh scattering can be achieved by using two different types of 
filters: notch and edge filters. Notch filters allow the acquisition of the anti-
Stokes and Stokes Raman spectra down to ~30 cm−1, but their use is expensive 
since they must be replaced very frequently (~2 years). For this reason, the use of 
edge filters is widespread. These are wide pass-band filters, which imply that the 
anti-Stokes Raman spectrum cannot be obtained and typical minimum 
wavenumbers are ~50 cm−1. After removal or suppression of the Rayleigh 
radiation, the separation of the different Raman radiations scattered by the sample 
should be performed. The first Raman spectrometers used prisms, but nowadays 
these are replaced by gratings that are typically holographically produced. It is 
worth noting that filters can be neglected if coupling of two or three 
monochromators is set in a series. This configuration allows not only to separate 
the Raman lines but also to remove the Rayleigh scatter. 
Detectors: Just like in other spectrometers, the former detectors, that is, 
photographic films, were substituted first by photodiode array detectors and then 
by charge transfer devices (CTDs) such as charge-coupled devices (CCDs). 
CCDs are silicon-based semiconductors arranged as an array of photosensitive 
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elements, each one generating photoelectrons and storing them as an electrical 
charge. Charges are stored on each individual pixel as a function of the number of 
photons striking that pixel and then read by an analog-to-digital converter [6]. 
In the micro-Raman technique, as it is our case, a microscope is integrated in a 
conventional Raman spectrometer, enabling both visual and spectroscopic 
measurements. As can be seen in the schematic representation of Figure 2.7, in 
these types of equipment the focusing and collection optics of the scattered 
radiation are identical [7]. These spectrometers present several advantages, such 
as the possibility of performing an analysis of a single point or mapping and 
imaging measurements. 
 
Fig. 2.7. Scheme of the main components of a micro-Raman spectrometer [7]. 
 
 
2.3.1.1. Raman spectrometer at CIEMAT 
The major part of the studies that shape this thesis was carried out making use 
of the Raman spectrometer available at CIEMAT facilities: a Horiba LabRAM 
HR Evolution spectrometer (Jobin-Yvon Technology) (Figure 2.8). Therefore, a 
deeper description of the main features and configuration of this instrument 
becomes suitable. 
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Fig. 2.8. General view of the Horiba LabRAM HR Evolution spectrometer. 
 
Laser coupling: Different lasers can be coupled to the spectrometer optical 
system, although consequently adjusting the optical path to their specific features 
(see 1 in Fig. 2.8). It should be noted that all Raman spectra were acquired at an 
excitation wavelength of 632.8 nm (1.96 eV) provided by a He-Ne laser of 20mW 
nominal power. 
Confocal microscope and sample platform: The laser beam can be focused on 
the sample through different objectives (5x, 20x, 50x and 100x) of a confocal 
microscope (see 2 in Fig. 2.8). This microscope holds a motorised precision 
platform where the sample to be measured is placed on, enabling its movement 
along the three spatial directions (X, Y, Z) with a 0.1 µm resolution. Orientation 
in the X-Y plane is used for the sample zone selection, whereas Z motion allows 
focusing. In this work the laser beam was commonly focused onto the sample 
through the 100x objective, except for those cases where the use of the long focal 
distance 50x objective was required, e.g. when surface irregularities were largely 
present in oxidised pellets or when the temperature controlled stage was 
employed. 
Guidance optical system: For the sake of clarity, the main components located 
within the optical system of the spectrometer (see 3 in Fig. 2.8) are individually 
described along the successive lines, in the order followed by the optical path (see 
Fig. 2.9). 
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Fig. 2.9. Guidance optical system of the Horiba LabRAM HR Evolution spectrometer, 
where its main components have been labelled. 
 
1) Interferometric filter: There is an interferometric line filter for each laser, 
since the adjacent wavelength lines to be removed are obviously not the 
same if the wavelengths of the monochromatic lasers employed are 
different. These filters are placed at the laser output and motorised in 
order to select one or another, depending on the required laser 
configuration. 
2) Neutral-density (ND) filter: This set of filters allows us to attenuate in a 
controlled way the laser power reaching the sample. 
3) Beam splitter: After crossing the ND filter, the laser beam is directed 
through a pinhole to the beam splitter. This component enables both 
leading the laser to the sample and thereafter collecting de scattered 
radiation that comes from the microscope in a ~180º configuration with 
respect to the excitation beam (pseudo-backscattering). 
4) Edge filter: For the correct removal of the unwanted Rayleigh 
contribution, a characteristic edge filter is manually attached to the beam 
splitter according to the employed laser. In addition, when changing the 
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edge it is also necessary to modify the beam splitter-edge angle 
configuration with the help of a separator (see white point in Fig. 2.9). 
The edge filter used for the 632.8 nm (red) laser cuts the scattered 
radiation at <50 cm-1. 
Spectral analyser: Once the edge filter cuts the Rayleigh and Raman anti-
Stokes contributions, the Raman Stokes radiation is directed to the diffraction 
grating (see Fig. 2.9), which divides the signal into its constituent parts 
(wavelength separation). A 600 grooves/mm holographic grating was used in all 
cases, providing a spatial resolution of ~1 cm-1/ pixel and a spectral resolution of 
better than 3 cm-1. 
Detector: The wavelength-separated radiation is finally registered in a Peltier-
cooled CCD of 1024 x 256 pixels (see 4 in Fig. 2.8). 
In addition to the above mentioned components, different lenses and mirrors 
can be found throughout the whole optical path, whose function is to correctly 
direct the beam within the optical system. Due to the amount of components that 
the laser beam encounters along its way before reaching the sample, a consequent 
power reduction of around 50% takes place. Nevertheless, the power attained at 
the sample surface is still sufficient to properly carry out the experiments. 
 
2.3.1.2. Raman spectrometer at JRC Karlsruhe 
The Raman equipment available at JRC Karlsruhe facilities consisted in a 
Jobin-Yvon T64000 spectrometer (Figure 2.10). 
The excitation source used in this case was the 647 nm (1.91 eV) line of a Kr+ 
laser with a controllable nominal power up to 0.5 W. The laser was focused onto 
the sample using a 50x long focal objective, what was necessary due to the 
employment of the α-shielding capsules (see Section 2.4.2). 
The spectrometer was used in the single spectrograph configuration when the 
temperature estimation was not required (Result 5), that is, as a conventional 
single-spectrometer based system employing an edge filter. However, in those 
experiments concerning temperature estimation (Result 3), the spectrometer was 
used in the triple stage operation mode (triple monochromator mode), which 
permitted access to both Stokes and anti-Stokes Raman spectrum lines while 
blocking the elastic Rayleigh line. 
 42                                                Part 2 
The backscattered radiation was dispersed, in both configurations, using an 
1800 grooves/mm holographic grating and recorded by a low noise liquid 
nitrogen cooled Symphony CCD detector. The single spectrograph mode enabled 
a spectral resolution of ~1 cm-1, whereas the one obtained in triple stage mode 
was better than 1 cm-1. 
 
 
Fig. 2.10. Partial view of the Jobin-Yvon T64000 spectrometer (a general view cannot 
be shown due to JRC Karlsruhe security standards). 
 
2.3.2. Temperature controlled stage 
Temperature dependent micro-Raman spectroscopy experiments were carried 
out by means of a Linkam THMS600 temperature controlled stage (Figure 2.11), 
coupled to the BX41 Olympus microscope of the LabRAM HR Evolution 
spectrometer at CIEMAT facilities. 
The atmosphere used while heating the samples depended on the kind of 
experiment required. In this way, a synthetic air flow was supplied throughout the 
oxidation processes (Result 2 and Result 6). Conversely, reducing (N2+4.7%H2) 
and inert (Ar) flows were applied to UO2 and U4O9 samples, respectively, in those 
cases where the effect of temperature on their characteristic Raman spectra was 
examined (Result 2 and Result 4). 
A heating ramp of 10°C/min was applied in all cases to reach the desired 
temperatures. Thereafter, a thermalisation time of 15 minutes was applied at each 
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selected temperature before acquiring the corresponding Raman spectra. The 
mechanical design and electronics of the Linkam stage provided precise control 
and a temperature stability better than 0.2 degrees over the whole temperature 
range. 
 
 
Fig. 2.11. General view of the Linkam THMS600 stage, coupled to the microscope. 
 
2.4. Samples preparation for Raman measurements 
Owing to their hazardous nature, special care needs to be taken when handling 
radioactive materials such as the ones analysed in this work, containing either 
uranium or uranium-plutonium mixtures. The main advantage of micro-Raman 
spectroscopy in this regard (see Section 1.4) is the minor quantity of sample 
needed, especially when powdered samples are used, what largely facilitates the 
fulfilment of the safety conditions required for radiation protection. 
In addition, since good quality Raman spectra can be acquired with no special 
sample preparation, the handling is basically reduced to the placement of each 
specimen on its corresponding holder. Nonetheless, while it seems a quite trivial 
procedure, the handling of radioactive samples requires to be carefully done, 
particularly when working with powdered samples due to their easiness to spread. 
Naturally, this procedure resulted much more complicated when it concerned 
uranium-plutonium mixed oxides at JRC Karlsruhe, given their greater hazard 
and their consequent confinement requisite. 
The treatment performed (if applicable) on the different samples prior to their 
Raman characterisation is specifically detailed in each corresponding chapter. 
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2.4.1. Samples preparation at CIEMAT facilities 
The preparation procedure for the Raman characterisation of samples at 
CIEMAT facilities simply consisted in placing the particular uranium-containing 
oxide, which in some cases was in the form of disk and in other cases as powder, 
on a common microscope sample holder (Figure 2.12a) or on the Linkam stage 
holder if temperature dependent experiments were carried out (Figure 2.12b). 
 
Fig. 2.12. a) Microscope sample holder containing a powdered uranium oxide and b) 
quartz holder of the Linkam temperature stage containing a UO2 half disk. 
 
Since the Raman spectrometer is not located inside a radioactive facility, it 
was necessary to previously ensure that all the samples were exempt, that is, 
below the radioactivity limits imposed for a conventional laboratory. 
 
2.4.2. Samples preparation at JRC Karlsruhe facilities 
In contrast, the Raman spectrometer available at JRC Karlsruhe is located 
inside a radioactive facility, making it possible to work with higher radioactivity 
levels. This gave us the opportunity to characterise uranium-plutonium and 
uranium-americium mixed oxides (the latter not included in this thesis), what 
otherwise would not have been feasible. 
The UO2 sample employed for the Raman laser heating experiments at JRC 
Karlsruhe (Result 3) was also placed on a conventional microscope sample 
holder. On the other hand, when it came to performing Raman spectroscopy 
measurements on uranium-plutonium mixed oxides (Result 5), which are highly 
radioactive, confinement of the sample was needed. 
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In this case, the confinement solution lied in the insertion of the uranium-
plutonium oxides into α-shielding Plexiglas capsules recently designed and 
developed by JRC Karlsruhe [19]. Figure 2.13 shows different steps of this 
procedure. Some fragments of the various oxides were placed on the sample 
holder sticker (Figure 2.13a), inside a glove-box. Once all the pieces were 
properly stuck (Figure 2.13b), the sample holder was introduced in its capsule 
and carefully withdrawn from the glove-box (Figure 2.13c), sealing the lower 
plastic part of the capsule. Raman spectra were thus acquired through the top 
quartz window of these capsules (Figure 2.13d). 
 
Fig. 2.13. From a) to d), different steps followed during the samples preparation for 
Raman measurements at JRC Karlsruhe facilities. 
 
2.5. Raman spectra analysis 
A reliable Raman analysis is based, firstly, on the proper acquisition of the 
Raman spectrum and, secondly, on its subsequent delicate processing. Both steps 
become very important if one intends to obtain as much information as possible 
from the Raman characterisation of a given sample. 
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2.5.1. Spectra acquisition and calibration 
As already mentioned, the micro-Raman technique allows the user to subtract 
spectroscopic data from a particular area on the sample surface. In order to 
acquire a Raman spectrum, the previously prepared sample is placed under the 
microscope objective and the excitation laser is then focused onto the area of 
interest, whose size will be defined by the laser spot size. This process is by no 
means negligible, since a bad focusing leads to a reduction of the laser power 
density reaching the sample and, hence, to a diminution of the scattered light 
intensity. 
Another point to be aware of is that, during a measurement, the sample surface 
may undergo localised laser heating, what may lead to its alteration if the laser 
power density is high enough. Thus, the latter parameter needs to be optimised in 
each experiment, taking into account the particular sensitivity of the sample to 
alteration effects such as oxidation or thermal decomposition. Other parameters 
that require optimisation are, essentially, the acquisition time (dependent on the 
accumulation time and the amount of such accumulations) and the hole width, 
both with the aim of obtaining a fine signal-to-noise ratio. 
In our case, all those parameters were adequately selected according to the 
sample used and its form. The goal was to acquire a good quality Raman signal 
while avoiding undesirable oxidation, which would have directly affected the 
scope of this work. While the disks or fragments presented very low sensitivity 
under the laser beam, probably due to their lower specific surface [20], care 
needed to be taken when using powdered samples. For example, UO2 and 
intermediate uranium oxides (UO2+x and U4O9) in the form of powder easily 
oxidised to higher oxides if the laser power density was not sufficiently low (as 
can be observed in Result 3); and U3O8, which only appears as powder, 
underwent degradation so readily that the laser power density required to be 
substantially decreased for performing the measurements. By extension, when 
working with highly sensitive samples, in particular those powdered, longer 
acquisition times (of the order of 300 seconds x 6 accumulations) were needed to 
attain a Raman spectrum with a suitable signal-to-noise ratio, given the lower 
laser power densities applied. Actually, in most of these cases the sum of several 
spectra was additionally carried out in order to enhance the final spectrum 
quality. 
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Furthermore, every Raman spectrum shown in the following chapters was 
subjected to calibration, which is a key aspect to prevent uncertainties derived 
from temperature or improper laser alignment effects. The spectra acquired with 
the Raman spectrometer available at CIEMAT were calibrated by registering, 
immediately after the acquisition of each spectrum, the emission lines of a Ne 
lamp in the same wavenumber interval (see Figure 2.14 as an example). Since 
these lines are perfectly known [21], their expected position (wavenumber) values 
were plotted against the observed ones and, thus, the corresponding calibration 
equation was obtained from the linear fitting of the plotted data. This equation 
was then applied to the X-axis of the Raman spectrum for its calibration. Figure 
2.15 shows an illustrative example of the latter procedure. In contrast, at JRC 
Karlsruhe facilities it was the spectrometer which was daily calibrated, prior to 
the Raman measurements, using the T2g phonon (520.5 cm-1) of a silicon single 
crystal [22]. 
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Fig. 2.14. First step of the calibration procedure followed at CIEMAT, consisting in 
acquiring the emission lines of a Ne lamp right after acquiring the Raman spectrum of 
interest. 
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Fig. 2.15. Second step of the calibration procedure followed at CIEMAT, consisting in 
plotting the wavenumber values expected for the Ne lines present in the measured interval 
vs. the observed values, for the purpose of obtaining the calibration equation from their 
linear fitting. 
 
2.5.2. Second derivative analysis and peak fitting 
At this point, the treatment and processing conducted on the calibrated spectra 
should be described. In order to accurately determine the different experimental 
observables obtainable from a Raman spectrum, a profile analysis needs to be 
carried out. Such profile analysis entailed, in the major part of the studies 
compiled in this thesis, a first step concerning the second derivative spectral 
methodology [23] and a second step related to the peak fitting. Anyhow, this 
treatment was reduced to the exclusive application of the second derivative 
analysis in those cases where only information on the bands positions was 
required or the signal-to-noise ratio was not good enough to perform a reliable 
peak fitting on some spectral regions. 
The second derivative analysis method enables identifying the various bands 
present in a Raman spectrum, which appear as minima (see Figure 2.16a), and 
obtaining their precise position without being affected by the background. 
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Fig. 2.16. a) Second derivative analysis (bottom) performed on a calibrated Raman 
spectrum corresponding to a hyperstoichiometric oxide (top), where four bands were 
identified. b) Lorentzian multiple peak fitting carried out on the latter Raman spectrum 
after subtracting the background. 
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Since, conversely, background subtraction is necessary for the peak fitting, 
what may lead to artefacts in the spectrum and spurious bands, it seems that the 
previous performance of the second derivative analysis helps to provide reliance 
on the bands positions determination. Besides, this method becomes very useful 
when some contributions are close to each other, given that it makes it possible to 
identify how many of them are there, as shown in the 500-700 cm-1 region of 
Figure 2.16a. 
Therefore, the combination of the second derivative analysis with a 
subsequent peak fitting provides more accurate information than the one that peak 
fitting alone would provide. In this way, the bands positions obtained in the 
second derivative analysis of each Raman spectrum were used as starting 
parameters in the peak fitting. The spectral bandshapes were in all cases found to 
be well represented by Lorentzian functions (Figure 2.16b), what thereby 
determined their corresponding bandwidth and integrated intensity values. These 
two characteristic parameters, together with the bands positions, allowed us to 
obtain valuable information on the analysed samples, as will be shown in the 
successive chapters. 
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Abstract 
This work presents a detailed study of hyperstoichiometric UO2+x (0 < x < 
0.25) oxides and an assessment of the structural evolution taking place as 
oxidation proceeds. For this purpose, different UO2+x powder samples, with 
controlled degree of non-stoichiometry, have been identified by 
thermogravimetric analysis and characterised by X-ray diffraction (XRD) and 
Raman spectroscopy. XRD analysis reflects that the commonly assumed 
Vegard’s law is not applicable over the whole hyperstoichiometry range, since a 
slight increase of the lattice parameter is observed for 0.13 < x < 0.20. A 
quantitative Raman analysis of the UO2+x spectra as a function of the oxidation 
degree is also shown. A new method to characterise any UO2+x sample (for x < 
0.20), based on the shift of the 630 cm-1 band observed in the Raman spectrum, is 
proposed here for the first time. Moreover, three structure transitions have been 
detected at x = 0.05, 0.11 and 0.20, giving rise to four distinct regions associated 
with consecutive structural rearrangements over the hyperstoichiometry range: x 
< 0.05, 0.05 < x < 0.11, 0.11 < x < 0.20 and 0.20 < x < 0.25. 
 
 
3.1.1. Introduction 
The oxidation of uranium dioxide (UO2) has been widely studied due to the 
potential risks that this process may cause in the event of shielding failure during 
the storage of such a nuclear fuel [1]. In case of failure under dry interim storage 
conditions, the UO2 matrix of the spent nuclear fuel (SNF) might be oxidised 
owing to its contact with the atmospheric oxygen and the high temperatures 
present due to the decay heat of the SNF [2]. The transformation of UO2 into 
U3O8 via the two-step reaction [1] UO2→U4O9/U3O7→U3O8 entails an increase 
in volume of around 36% and, consequently, it might cause the loss of integrity 
of the UO2 matrix. Since this fuel matrix is responsible for retaining the fission 
products and transuranium elements formed by the irradiation process, release of 
radionuclides into the biosphere might occur. 
UO2 presents a fluorite-type crystal structure (Fm-3m space group, fcc), 
where uranium U4+ ions occupy the octahedral sites and oxygen ions (O-2) are 
located in the tetrahedral positions [3]. Owing to the presence of numerous empty 
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interstitial sites, the UO2 lattice is capable of accommodating additional oxygen 
ions. A slight lattice distortion in the cubic structure arises from the appearance 
of such point defects, thus leading to hyperstoichiometric UO2+x [4]. As the 
amount of incorporated oxygen increases, the structure rearranges and extended 
defect-structures are formed. The most energetically favourable defect-structure 
proposed for around UO2.12 is the 2:2:2 Willis cluster, which contains two anion 
vacancies, two <111> interstitial oxygens and two <110> interstitial oxygens, 
with no appreciable alteration of the uranium sublattice [5,6]. The limit phase 
preserving the fluorite structure is U4O9 [7], recently described as a 
superstructure of UO2 consisting of “clusters of interstitial oxygen atoms 
embedded in a distorted UO2 lattice” [8]. Further oxidation produces a change 
from the cubic to the tetragonal structure, corresponding to U3O7 [9], in which the 
cuboctahedral clusters are so close to each other (even sharing edges) that the 
cubic lattice suffers distortion and, subsequently, the c/a lattice parameters ratio 
is no longer equal to 1 [10]. He and Shoesmith [6] studied the defect structures 
and phase transition in hyperstoichiometric UO2+x, also including the tetragonal 
region of U3O7 (0 < x < 0.33 in UO2+x), and identified four structural defect 
regions over the stoichiometry range: i) a random point defect structure (x ≤ 
0.05); ii) a non-stoichiometry region where point defects are gradually 
substituted by Willis 2:2:2 clusters (0.05 ≤ x ≤ 0.15); iii) a mixture of Willis and 
cuboctahedral clusters (0.15 ≤ x ≤ 0.23); and iv) cuboctahedral clusters (x ≥ 
0.23). Furthermore, it is well known that accommodation of a higher amount of 
oxygens within the U3O7 lattice results in a phase transition to orthorhombic 
U3O8 [9]. 
Traditionally, the techniques employed to analyse the reaction of UO2 at 
atmospheric conditions have mainly consisted in thermogravimetry and X-ray 
diffraction (XRD). Thermogravimetric analyses reveal the kinetic behaviour of 
UO2 under these conditions, as well as the different mechanisms involved in each 
step of the process: diffusion governs the oxidation to U4O9/U3O7 (parabolic 
reaction kinetics) while the following step to U3O8 is controlled by a nucleation 
and growth mechanism (sigmoidal reaction kinetics) [1]. Nevertheless, there are 
some uncertainties that have not yet been clarified, such as the real number of 
kinetic time domains and their detailed origin, as suggested by the studies carried 
out by Rousseau et al. [11] and Quémard et al. [12] On the other hand, XRD 
characterisation has not only managed to determine the evolution of the already 
mentioned crystalline phases throughout the reaction [13] but, specifically, the 
change in the lattice parameter of UO2 during its transformation to U4O9/U3O7 
(hyperstoichiometric range) [7,14-19]. A Vegard’s law-like behaviour over the 
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whole hyperstoichiometric range has been proposed to explain such changes, but 
some scatter of the results is observed and discrepancies arise for the transition in 
the 0.125 < x < 0.17 region [15]. This may be due to the complex oxide phase 
transformations that take place during the oxidation reaction [11]. 
In recent years, an emerging technique like micro-Raman spectroscopy is 
gaining ground, since it meets two relevant features: it allows focusing on a 
particular area of the size of few micrometres, and provides a spectral fingerprint 
to differentiate between chemically similar compounds. Raman spectra of several 
uranium oxide phases, such as UO2, U4O9, U3O7 and U3O8 have been previously 
published [8,20-23]. Likewise, some studies have achieved to identify a 
progressive variation of the UO2+x Raman spectrum according to the degree of 
non-stoichiometry [6,24,25]. However, none of these studies has analysed this 
variation both quantitatively and associating a specific stoichiometry (x in UO2+x) 
to each spectrum. 
In spite of the large number of studies that have been carried out on this 
matter, a more specific characterisation of the different uranium oxides involved 
in the conversion of UO2 into U3O8 needs to be done for a better understanding of 
the structural and chemical evolution of the system. On this basis, the present 
study is focused on the first oxidation stage, from UO2 to U4O9, with the aim of 
characterising the UO2+x (x < 0.25) hyperstoichiometric oxides in detail. For this 
purpose, several UO2+x oxides with x ranging from ~ 0 to ~ 0.25 have been 
prepared, their stoichiometries have been checked by thermogravimetric analysis 
and characterised by Raman spectroscopy and XRD. Our aim here is to shed 
some light on the structural evolution of the UO2→U4O9 reaction, based on the 
analysis of the measured lattice parameters and Raman shifts of a UO2+x series of 
compounds. 
 
3.1.2. Experimental 
3.1.2.1. Sample preparation 
U3O8 powder provided by ENUSA was reduced in an alumina furnace at 
1000°C under a constant N2:H2 96:4.7 v/v gas flow to ensure that quasi-
stoichiometric UO2 powder was obtained. Afterwards, this powder was subjected 
to different times and temperatures in air atmosphere in order to attain 
homogeneous UO2+x specimens with x ranging from ~ 0 to ~ 0.25. In this way, 
 60                                   Part 3. Result 1 
nine samples were prepared and their stoichiometry thereafter determined by 
thermogravimetric analysis. 
 
3.1.2.2. Characterisation techniques 
Thermogravimetry experiments were carried out by means of a TA 
Instruments Q50 thermobalance under a synthetic air flow with a constant rate of 
60 mL per minute. The samples were heated to 700°C in order to attain a 
complete conversion to U3O8. The weighing precision of the thermobalance was 
0.01%. The O/U atomic ratios of the initial samples were then calculated by 
assuming that oxidation to U3O8 was fully completed. U3O8 complexion was 
afterwards verified by XRD (data not shown). 
Raman spectroscopy analyses were performed with a Horiba LabRAM HR 
Evolution spectrometer with 800 mm focal length. All spectra were acquired at 
an excitation wavelength of 632.8 nm provided by a He-Ne laser. The laser beam 
was focused on the sample through the 100x objective of an Olympus BX41 
microscope. The excitation power was optimised and minimised to ~ 1 mW in 
order to avoid alteration of the samples. The scattered radiation was then 
collected in backscattering geometry, dispersed using a 600 grooves/mm 
holographic grating and recorded using a CCD detector (256 x 1024 pixels), 
obtaining a ~1 cm-1/ pixel spatial resolution and a spectral resolution better than 3 
cm-1. For the analysis of each sample, an average of 20 spectra recorded at 
different locations of the sample were acquired over the wavenumber range that 
goes from 250 to 1300 cm-1. 
XRD characterisation was performed by means of a Philips PANalytical 
X’Pert MPD diffractometer using Cu  radiation (λ=1.54056 Å) and operating 
at 45 kV and 40 mA. Bragg-Brentano configuration geometry was used. The 2θ 
range covered was from 20° to 120°, at 0.04° scanning steps. Four to six XRD 
patterns were acquired under identical conditions for each sample. The 
uncertainty of each XRD measurement was estimated as the standard deviation 
of the individual measurements.  
Both Raman and XRD experiments were performed in air under STP 
conditions. 
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3.1.3. Results and discussion 
3.1.3.1. Thermogravimetric analysis 
Figure 3.1.1 shows the thermogravimetric curves obtained for selected 
samples, which reflect the typical two-step oxidation of UO2 
(UO2→U4O9/U3O7→U3O8) [1]. All the samples present a similar general 
behaviour when heating them to 700ºC: a weight gain is first observed when a 
temperature of 200-250ºC is reached; at that point, the samples begin to oxidise 
(weight gain increase) until a plateau appears at around 300-400ºC, associated 
with U4O9/U3O7 [26]; finally, oxidation continues and at 450-500ºC another 
plateau is reached, indicating that conversion to U3O8 has been fully completed 
[26]. 
The stoichiometry of the different samples was calculated from the weight-
gain data recorded in the thermogravimetric analyses, thus determining their 
correspondence to the hyper-stoichiometric oxides UO2.03, UO2.05, UO2.07, UO2.09, 
UO2.11, UO2.15, UO2.17, UO2.20 and UO2.24, with a relative sampling error around 
1%. 
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Fig. 3.1.1. Thermogravimetric curves of the UO2+x hyper-stoichiometric oxides. 
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It should be noted in Figure 3.1.1 that each hyperstoichiometric oxide starts to 
oxidise at a different temperature, which is lower as the initial degree of non-
stoichiometry increases. Likewise, the first (short) plateau reached, related to 
U4O9/U3O7 [26], is narrower for more oxidised samples. It can also be 
appreciated that the oxidation rate (slope) in both steps (UO2+x→U4O9/U3O7 and 
U4O9/U3O7→U3O8) significantly varies for the different hyperstoichiometric 
oxides, especially in the initial transformation to U4O9/U3O7. 
 
3.1.3.2. XRD analysis 
Typically three X-ray diffractograms were acquired for each sample. As an 
example, we show in Figure 3.1.2 selected reflections of the different oxides 
patterns: (111), (200), (220) and (311). For the sake of comparison, we reproduce 
(open symbols) the diffraction pattern of the cubic structure of stoichiometric 
UO2 reported by Fritsche (ICDD 00-041-1422) [27]. 
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Fig. 3.1.2. Comparison of the (111), (200), (220) and (311) XRD reflections of the 
hyperstoichiometric oxides studied. Asterisks indicate the appearance of a new diffraction 
peak. Open symbols correspond to the ICDD 00-041-1422 UO2 pattern [27]. 
 
A general upshift in 2θ of all the peaks can be appreciated as the degree of 
non-stoichiometry increases, being particularly remarkable for the (111) 
reflection (see dotted line in Figure 3.1.2). It is also noteworthy that both (200) 
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and (311) reflections show satellite peaks at higher angles (asterisks in Figure 
3.1.2) from UO2.11 on, their contributions becoming more relevant with 
increasing x. This has been attributed both to the U3O7 tetragonal phase and to 
the U4O9 cubic superlattice [28-31], and their observation must be related to the 
formation of cuboctahedral oxygen clusters, as postulated by Nowicki et al. [32], 
because U4O9 and U3O7 polytypes only differ in the spatial arrangement of such 
clusters and the subsequent lattice distortion. 
In order to quantify the evolution of the structure with x, the lattice parameter 
(a0) of every UO2+x oxide was calculated from the results shown in Figure 3.1.2 
applying Bragg’s law and assuming that the system remains cubic throughout the 
whole hyperstoichiometric range [7]; the analysis is shown in Figure 3.1.3, 
showing rather good agreement with data from other authors measured under 
similar conditions [14-18]. Differences observed with the results of Lynds et al. 
[15] in the 0.7 < x < 0.12 range might be due to the elevated-temperature 
quenching treatment performed by these authors during sample preparation. 
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Fig. 3.1.3. Lattice parameter as a function of x for the different UO2+x oxides. Open 
symbols represent experimental data obtained in this work, whereas solid symbols 
illustrate data published by other authors indicated in the legend. Straight lines correspond 
to linear fits (see text for details). 
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The variation of the UO2+x lattice parameter is assumed to follow Vegard’s 
law in the hyperstoichiometric range (0 < x < 0.25) [7,14-18], which implies a 
linear decrease on the lattice parameter with an increase in the degree of non-
stoichiometry. This law seems to hold in the 0 < x < 0.13 range, but a change in 
the slope is observed around x = 0.15 to again decrease in the 0.17-0.22 < x < 
0.25 region, which is commonly associated with U4O9-y [15-17,33]. 
Vegard’s law in the 0 < x < 0.13 range yields Equation 3.1.1, which has been 
obtained from a linear fit to our experimental data. 
   a0 (Å) = 5.470 ± 0.006 – (0.24 ± 0.08) x,   (0 < x < 0.13)                  (Eq. 3.1.1) 
The intercept in Equation 3.1.1, i.e. the lattice parameter for stoichiometric 
UO2 (5.470 Å), is in good agreement with the values estimated by other authors 
[14,15,18,34]. Nevertheless, larger discrepancies are observed with the slopes 
reported by Lynds et al. [15] (-0.094) and Alekseyev et al. [18] (-0.1495), very 
likely due to the different preparation and measurement conditions employed by 
these authors. 
In spite of the consensus observed for x < 0.13, some uncertainty was reported 
by Lynds et al. [15] concerning the variation of the lattice parameter in the 
intermediate region 0.13 < x < 0.17. These authors obtained scattered results of 
the lattice parameter in this region and were unable to obtain a unique Vegard 
equation across the whole hyperstoichiometric range; instead, they split it into 
two different equations below x = 0.13 and above x = 0.17. They attributed this 
observation to a transition detected at x = 0.125 by some authors when analysing 
the partial molar free energy of oxygen in UO2+x [35]. Moreover, scarce values 
concerning this intermediate region have been reported [14,16,18]. However, our 
results clearly demonstrate an increase of the lattice parameter in the region 0.13 
< x < 0.20, which can be described by Equation 3.1.2. 
  a0 (Å) = 5.4133 ± 0.0005 + (0.196 ± 0.003) x,   (0.13 < x < 0.20)      (Eq. 3.1.2) 
Previously published lattice parameter values within 0.13 < x < 0.20 are 
indeed in accordance with the trend observed here; however, to the best of our 
knowledge, this is the first time that a non-Vegard behaviour is reported for this 
particular region. This obviously confirms that a single linear equation is not 
sufficient to calculate x over the whole UO2+x range. 
Concerning the lattice parameter in the 0.20 < x < 0.25 region, i.e. U4O9-y 
range, it seems to follow a Vegard’s law-like behaviour (dashed line in Figure 
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3.1.3), in accordance with results published by different authors [15-17,33]. 
Nevertheless, additional data are required in order to verify such tendency and to 
establish an equation over the entire U4O9-y region; ongoing work is being carried 
out in our laboratory on this subject. In any case, the important conclusion that 
can be derived from the results of Figure 3.1.3 is that it is impossible to give a 
reliable value of the oxidation degree (x) of a given UO2+x oxide in the 0.05 < x < 
0.25 range only with the help of an X-ray pattern. So we need complementary 
techniques in order to properly characterise hyperstoichiometric oxides. 
The above XRD results, however, help to identify two structural transitions at 
x = 0.11 and x = 0.20. As the oxidation degree increases, the lines of the XRD 
patterns fairly correspond to those of UO2 (see Figure 3.1.2), except for their 
steady displacement to higher angles commonly associated with non-
stoichiometry in UO2+x [13]. Then, a change is appreciated starting around x = 
0.11 with the appearance of a new peak next to some reflections (labelled with 
asterisks in Figure 3.1.2), which was already attributed to the formation of 
cuboctahedral oxygen clusters. This clearly might correspond to the transition 
observed at x = 0.125 by some authors [35], and agrees with the kink in the 
variation of the lattice parameter around x = 0.13. A second transition is observed 
at around x = 0.20, attributed to U4O9-y, as revealed by the trend of the lattice 
parameter, and the Vegard’s law is recovered indicating that a lattice contraction 
is again taking place. 
 
3.1.3.3. Raman spectra analysis 
Several Raman spectra recorded at different points of every sample were 
analysed and compared. All spectra acquired for each particular oxide were very 
similar, thus confirming the homogeneity of the samples. Each spectrum plotted 
in Figure 3.1.4 corresponds to the average of at least 20 individual spectra to 
improve the signal-to-noise ratio, and each of these average spectra was then 
normalised to the maximum height of the T2g band, located around 445 cm-1. 
Since the space group corresponding to the fluorite-type structure of uranium 
dioxide is Fm-3m (Oh) [36], group theory predicts two vibrational modes for 
UO2: a triply degenerate Raman active mode (T2g) and an infrared active mode 
(T1u). The Raman spectrum of a stoichiometric UO2 shows two bands located at 
445 cm-1 and 1150 cm-1, respectively [36]. The band observed around 445 cm-1 
can therefore be attributed to the T2g vibrational mode [37], while the band 
observed around 1150 cm-1 has been assigned by Livneh and Sterer [38] to a 
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second order longitudinal optic phonon (2LO), despite the fact that it was 
previously assigned to a crystal field electronic transition [39]. 
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Fig. 3.1.4. Raman spectra of the UO2+x hyper-stoichiometric oxides. 
 
The initial hyperstoichiometric UO2.03 spectrum contains the same Raman 
bands as stoichiometric UO2 and an additional broad and asymmetric feature 
(500-700 cm-1) which can be considered the result of two main contributions 
centred around 560 and 630 cm-1. The first can be associated with the 555 cm-1 
broad band observed by Guimbretière et al.[40] at the grain boundary of non-
irradiated UO2 and the one around 550 cm-1 found by Livneh and Sterer [38] 
when characterising UO2 at low excitation energies, as well as with the so-called 
U* band in the recent study of Onofri et al. [41]. The band observed around 630 
cm-1 has been attributed to anion sublattice distortions [11], which in our case 
would be caused by the excess of oxygen. However, this band has been also 
specifically associated with a structural defect of cuboctahedral (U4O9) symmetry 
[8]. 
 Raman method for the oxidation degree estimation in UO2+x                                67 
 
 
The evolution of the Raman spectrum at different degrees of oxidation is 
shown in Figure 3.1.4. The changes observed can be summarised as follows: 1) a 
continuous broadening and upshifting of the 445 cm-1 band, 2) a significant 
decrease in intensity of the 2LO band, which essentially disappears at a certain 
point between UO2.17 and UO2.20, 3) a continuous increase in the intensity of the 
~630 cm-1 band as the oxygen content increases, and 4) changes in the relative 
intensity of the ~560 cm-1 band, showing a maximum around x = 0.09
.
 
A detailed band-profile analysis of the spectra was carried out to track the 
evolution of the characteristic wavenumbers, including those bands contributing 
to the broad feature observed in the 500-700 cm-1 spectral range. A second 
derivative analysis [42] allowed us to obtain the wavenumber of four main 
contributions, namely, the T2g band at around 445 cm-1, two overlapping bands at 
~560 and ~630 cm-1 and the 2LO band at ~1150 cm-1. Then, a multiple 
Lorentzian fit was conducted, using the obtained wavenumber values as fixed 
parameters. An example of this profile analysis is given in Figure 3.1.5 for UO2.03 
and UO2.24 in the 300-800 cm-1 range. The following changes were found 
between the wavenumbers of the main Raman bands in both compounds: the 445 
cm-1 band is shifted to 459 cm-1 for UO2.24 and the bands observed at 562 and 623 
cm-1 in UO2.03 are centred at 547 and 637 cm-1 in UO2.24. 
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Fig. 3.1.5. Profile analysis of a) UO2.03 and b) UO2.24, illustrative of the two bands 
detected in the 500-700 cm-1 range for all UO2+x oxides: the ~560 and ~630 cm-1 bands. 
 
A quantitative analysis of the evolution of the Raman spectra with x, similar 
to that performed above with our XRD results, can be performed on the basis of 
the 445 cm-1 (T2g) band shift, which provides information about the overall 
fluorite lattice, and the intensity and shift of the 630 cm-1 band, which can be 
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associated with a distorted oxygen sublattice [11]. As can be seen in Figure 
3.1.6a, the 445 cm-1 band first upshifts from UO2.03 to UO2.05, and then remains 
almost constant in frequency until UO2.11 is reached. At this point, the band 
begins to substantially move towards higher wavenumbers, reaching the value of 
459 cm-1 for UO2.24. Figure 3.1.6b shows the intensity (maximum height) of the 
630 cm-1 band normalised with respect to the intensity (maximum height) of the 
T2g band, i.e. I630/I445, as a function of x. As can be observed, the band at 630 cm-1 
continuously increases in intensity as oxygen content increases. Concerning the 
wavenumber variation as a function of x, shown in Figure 3.1.6c, an initial 
downshift is appreciated until UO2.09; at that point, it drastically shifts to a much 
higher wavenumber and continues downshifting from UO2.11 to UO2.20. Data 
corresponding to UO2.24 do not follow the tendency of the latter oxides, what 
must be due to the fact that it belongs to the U4O9-y region, as indicated by the 
XRD results described above. 
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Fig. 3.1.6. a) Wavenumber of the 445 cm-1 band (ν445), b) normalised maximum intensity, 
with respect to the 445 cm-1 band, of the 630 cm-1 band (I630/I445) and c) wavenumber of 
the 630 cm-1 band (ν630), as a function of x (in UO2+x). Lines are guides to the eye. 
 
These results allow us to develop a reliable method to characterise the 
oxidation degree of any UO2+x sample for x < 0.20 using Raman spectroscopy. 
Since the wavenumber of the 630 cm-1 band (ν630) shows two well defined and 
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differentiated trends before and after UO2.09-UO2.11 (Figure 3.1.6c), Equations 
3.1.3 and 3.1.4 can be applied in different ranges of the I630/I445 ratio (Figure 
3.1.6b), which is directly related to x. It is important to note that these equations 
are only valid when an excitation wavelength of 632.8 nm is used, since it is well 
known that some excitation wavelengths may possibly lead to resonance 
conditions and no quantitative analysis could thus be carried out [8]. 
   ν630 = 645 ± 4 - (610 ± 60) x,   (I630/I445 < 0.24)                                  (Eq. 3.1.3) 
   ν630 = 647 ± 4 - (90 ± 20) x,   (0.27 < I630/I445 < 1.09)                        (Eq. 3.1.4) 
Considering now the outcomes of the Raman spectroscopy characterisation, 
the same structure transitions as from XRD results can be detected around x = 
0.11 and x = 0.20. These are remarkably noticed in the wavenumber evolution of 
the 630 cm-1 band, where clear discontinuities are found around these values of x 
(Figure 3.1.6c), revealing relevant changes in the anion sublattice. The transition 
at x = 0.11 can also be observed in the wavenumber evolution of the 445 cm-1 
(T2g) band, which shows an upshift at higher compositions (Figure 3.1.6a). The 
T2g band is assigned to the U-O fundamental stretching vibration, so an upshift 
implies a gradual increase in the bond-strength for x > 0.11, what might be 
explained by a higher amount of surrounding oxygen atoms that produce U-O 
bond compression, thus confirming the idea that oxidation degree and pressure 
are related quantities [43]. On the other hand, the transition found at x = 0.20 is 
marked by vanishing of the 2LO band (Figure 3.1.4), what is commonly 
associated with a cation sublattice distortion significant enough to alter the 
special arrangement conditions which make such phonon band featurable [6]. 
Interestingly, an additional transition around x = 0.05, not identified in the XRD 
analysis, is suggested from the analysis of the shift of the T2g band (Figure 
3.1.6a). This band considerably upshifts from UO2.03 to UO2.05, very likely caused 
by a higher amount of surrounding oxygens when the composition UO2.05 is 
reached. 
 
3.1.3.4. Structural evolution in UO2+x 
Taking into account the transitions detected both by XRD and Raman 
analyses, four main regions with distinct behaviours within the UO2+x range have 
been identified: x < 0.05, 0.05 < x < 0.11, 0.11 < x < 0.20 and 0.20 < x < 0.25. On 
this basis, the following structural evolution may be presumed: 
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i) 0 < x < 0.05. As soon as quasi-stoichiometric UO2 oxidation begins, the lattice 
starts to contract (marked upshift of the T2g Raman band and a0 lattice parameter 
decrease). This behaviour should be due to the progressive incorporation of 
oxygen atoms within interstitial sites [4]. He and Shoesmith identified the same 
region by analysing the small drop in intensity of the 2LO band and the slight 
increase in intensity of the 630 cm-1 band [6]. In this study we have observed a 
continuous decrease in intensity of the 2LO band and a continuous increase in 
intensity of the 630 cm-1 band around UO2.05, with no detectable change in our 
band analysis. 
ii) 0.05 < x < 0.11. In this region, as extensively assumed, a0 decreases following 
a Vegard’s law-like behaviour. This can be interpreted as follows: at some point 
around UO2.05, the concentration of interstitial oxygen is so high that oxygens 
start to rearrange themselves in an ordered manner to accommodate the 
additional oxygens entering the lattice, what yields a gradual lattice contraction 
due to the formation of new ordered defect structures: the so-called Willis 
clusters [5]. On the other hand, since the T2g band wavenumber remains almost 
constant within this x range, the sublattice contraction is not significant, and 
some kind of structure rearrangement takes place, what would corroborate the 
Willis clusters assumption. 
iii) 0.11 < x < 0.20. The T2g band gradually upshifts throughout this region, 
reflecting a continuous increase in the U-O bond-strength, what can be attributed 
to a higher and closer amount of surrounding oxygen atoms as oxidation 
proceeds. Hence the following structure evolution, assumed by He and 
Shoesmith over the 0.15 ≤ x ≤ 0.23 range [6], can be taken into consideration: at 
around UO2.11, part of the Willis defect structures start to develop to more 
densely packed regular distributions (cuboctahedral clusters) in order to allow 
further oxygen incorporation. This should involve a global gradual lattice 
expansion, as reflected by the increase in the a0 lattice parameter observed in this 
study. In addition, the appearance of a new peak in the X-ray pattern at UO2.11 
confirms the latter assumption of an incipient formation of cuboctahedral 
clusters. 
iv) 0.20 < x < 0.25. Between UO2.20 and UO2.25, a0 recovers the Vegard’s law-like 
behaviour and the T2g band continues upshifting, what indicates lattice 
contraction is again taking place. In addition, the disappearance of the 2LO band 
around UO2.20 suggests distortion of the cation sublattice, which remained 
undisturbed at lower oxidation degrees, and the possible formation of U4O9-y 
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phase, since it has been previously associated with the 0.17-0.22 < x < 0.25 
region [15-17,33]. This suggests that, when UO2.20 is reached, the complete 
rearrangement of the oxygen atoms in cuboctahedral clusters leads to a new fully 
ordered superstructure containing oxygen vacancies (U4O9-y), which are 
progressively filled in, thus inducing once again a continuous contraction of the 
lattice. 
 
3.1.4. Conclusions 
A systematic Raman and XRD study of UO2+x powder oxides with controlled 
degree of non-stoichiometry from x = 0.03 to x = 0.24 has been for the first time 
presented. 
X-ray diffraction detailed analysis shows that the commonly assumed 
Vegard’s law-like behaviour is not applicable to the whole hyperstoichiometric 
UO2+x range. Three different equations are required to describe the lattice 
parameter evolution over such range and precludes using XRD results to 
calculate x. However, we have found that Raman spectroscopy can be used for 
this aim after the analysis of the 630 cm-1 Raman band and we have proposed a 
method to characterise the oxidation degree of any UO2+x oxide (for x < 0.20). 
The simultaneous analysis of the Raman and XRD results has allowed us to 
identify three structural transitions around x = 0.05, 0.11 and 0.20, and to provide 
an explanation of the structural evolution within the cubic lattice, as follows: i) 
up to UO2.05, a progressive incorporation of oxygen atoms within interstitial sites 
occurs; ii) between UO2.05 and UO2.11, these point defects start to rearrange 
themselves in ordered defect structures or Willis clusters; iii) around UO2.11, part 
of the Willis clusters start to develop into more densely packed cuboctahedral 
clusters; iv) finally, a complete rearrangement of the oxygen atoms in 
cuboctahedral clusters at around UO2.20 leads to a new fully ordered 
superstructure containing oxygen vacancies (U4O9-y), which are gradually filled 
in up to at least UO2.24. 
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Abstract 
A good understanding of the spent fuel matrix (UO2) behaviour under 
predisposal activities conditions is required for the proper performance 
assessment of a final repository. Hence, the oxidation evolution of UO2 under dry 
interim storage conditions, as a main predisposal action within the Spanish 
strategy, needs to be addressed. For this aim, in this work a detailed in situ 
Raman spectroscopy study of the surface oxidation of a UO2.00 disk heated in the 
presence of synthetic air at 573 K is presented. The spectra analysis required two 
previous studies. In the first one, UO2+x powder samples with controlled degree 
of non-stoichiometry were identified by thermogravimetric analysis and 
subsequently characterised by Raman spectroscopy. The equations obtained from 
this study enable estimating the oxidation degree of any UO2+x sample (for x < 
0.20) at atmospheric conditions. The second one was performed in order to use 
these equations for the in situ experiments (at 573 K), since the shift of the bands 
due to temperature needs to be taken into account. Thus, the behaviour of the 
Raman spectra as a function of temperature was analysed and a correction term 
thereafter introduced in the initial equations. 
 
 
3.2.1.  Introduction 
It is of great significance to understand the oxidation behaviour of the spent 
nuclear fuel matrix (UO2) under dry storage conditions in order to correctly assess 
the feasibility of interim repositories. If any shielding failure occurs while storing 
this irradiated fuel, the UO2 matrix might oxidise in the presence of atmospheric 
oxygen and the high temperatures caused by decay heat [1], what entails an 
increase in volume of around 36% whether it becomes U3O8 [2]. The swelling 
produced under these conditions might make fuel pellets lose their integrity, what 
implies a risk for the future handling of such nuclear waste. 
UO2 presents a fluorite-type crystal structure (Fm-3m space group, fcc) [3]. 
The UO2 lattice can easily accommodate additional oxygen ions owing to the 
presence of numerous empty interstitial sites, thus leading to hyperstoichiometric 
UO2+x [4]. The cubic phase is then preserved up to around x = 0.25, usually 
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referred to as U4O9 [5]. Further oxidation produces a change from the cubic to the 
tetragonal structure, corresponding to U3O7, and then to orthorhombic U3O8 [6]. 
Micro-Raman spectroscopy is one of the main characterisation techniques that 
are currently employed on this matter [7-14], due to the fact that it offers a series 
of advantages over other conventional techniques [15]; perhaps the most 
important is the possibility of performing in situ characterisation. For a better 
understanding of the structural and chemical evolution of the spent nuclear fuel 
matrix during its oxidation, a detailed in situ characterisation of the different 
uranium oxides involved in the conversion of UO2 into U3O8 still needs to be 
done, both quantitatively and as a function of temperature. On this basis, the 
present study is focused on the first oxidation stage, from UO2 to U4O9, with the 
aim of assessing the evolution of the UO2+x (x ≤ 0.25) hyperstoichiometric oxides 
formed on the surface of a UO2 disk during its oxidation at 573 K (reasonably 
conservative value for the temperature that might be reached in an interim 
repository). 
For this purpose, several UO2+x powder oxides with x ranging from ~ 0 to ~ 
0.25 were first prepared and quantitatively characterised by means of Raman 
spectroscopy [16]. In addition, a previous analysis of the Raman spectra as a 
function of temperature was carried out under inert atmosphere in order to later 
subtract the effect of temperature on the in situ obtained spectra under air 
conditions. 
 
3.2.2.  Experimental details 
3.2.2.1. Sample preparation 
U3O8 powder provided by ENUSA was reduced in an alumina furnace at 1273 
K under a constant N2:H2 96:4 v/v gas flow to ensure that quasi-stoichiometric 
UO2 powder was obtained. Afterwards, this powder was subjected to different 
times and temperatures in synthetic air atmosphere, thus attaining nine 
homogeneous UO2+x oxides with x ranging from ~ 0 to ~ 0.25. A UO2 pellet, also 
provided by ENUSA and with 10.4 mm in diameter, was cut into disks with 
parallel faces of ~1 mm thickness which were afterwards polished. In order to 
ensure stoichiometry, the disks were annealed at 1073 K during 24 hours under 
reducing conditions (N2:H2 96:4 v/v). 
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3.2.2.2. Characterisation techniques 
For the purpose of determining the O/U ratio of every prepared UO2+x powder 
oxide, thermogravimetry experiments were carried out by means of a TA 
Instruments Q50 thermobalance under a synthetic air flow with a constant rate of 
60 mL/minute. The samples were heated up to 973 K in order to attain a complete 
conversion to U3O8. Their O/U atomic ratios were then calculated by assuming 
that oxidation to U3O8 was fully completed, hence determining their 
correspondence to the hyper-stoichiometric oxides UO2.03, UO2.05, UO2.07, UO2.09, 
UO2.11, UO2.15, UO2.17, UO2.20 and UO2.24, with a relative sampling error around 
1% (procedure and analysis described elsewhere [16]). 
Raman spectroscopy analyses were performed with a Horiba LabRAM HR 
Evolution spectrometer. All spectra were acquired at an excitation wavelength of 
632.8 nm provided by a He-Ne laser. The laser beam was focused onto the 
sample through the 100x objective of an Olympus BX41 microscope. The 
excitation power was optimised and minimised to avoid alteration of the samples. 
The scattered radiation was then collected in backscattering geometry, dispersed 
using a 600 grooves/mm holographic grating and recorded by a CCD detector 
(256 x 1024 pixels), obtaining a ~ 1 cm-1/pixel spatial resolution and a spectral 
resolution better than 3 cm-1. 
In situ Raman characterisation of the UO2 disk oxidation was carried out by 
using a Linkam temperature-controlled pressure stage, THMS600, coupled to the 
BX41 Olympus microscope of the Raman spectrometer. The mechanical design 
and electronics of the Linkam stage provided precise control and temperature 
stability better than 0.2 K. Spectra were in this case collected with a 50x long-
range objective through a silica window at the top of the stage. 
 
3.2.3.  Results and discussion 
3.2.3.1. Quantitative Raman analysis of UO2+x oxides 
Figure 3.2.1 shows the Raman spectra acquired for the different UO2+x powder 
samples. All spectra contain the same Raman bands as stoichiometric UO2 (the 
445 cm-1 band corresponding to the U-O symmetric stretching vibration (T2g) [17] 
and the 1150 cm-1 band associated with the 2LO phonon band [18]), as well as an 
additional broad and asymmetric feature at 500-700 cm-1 which can be considered 
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the result of two main contributions centred around 560 and 630 cm-1 [16]. The 
band observed around 630 cm-1 might be associated with the alteration caused by 
the excess of oxygen, i.e. with oxidation, since it is currently accepted that it can 
be attributed to anion sublattice distortions [19]. 
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Fig. 3.2.1. Raman spectra of different UO2+x hyper-stoichiometric oxides. 
 
The evolution of the Raman spectrum as oxidation proceeds reveals a 
continuous broadening and upshifting of the 445 cm-1 band and a significant 
decrease in intensity of the 2LO band (which even disappears for x > 0.17, what 
could be related to the U4O9 phase [8]). Apart from this, a continuous growth of 
the ~ 630 cm-1 band can be appreciated as the oxidation degree increases. Thus, a 
quantitative analysis of both the intensity and wavenumber evolution of the 630 
cm-1 band, as a function of x (in UO2+x), allowed us to develop a reliable method 
to characterise the oxidation degree of any UO2+x sample for x < 0.20 using 
Raman spectroscopy [16]. Such method consists basically in the direct relation 
between x and the wavenumber shift of the 630 cm-1 band (ν630), represented by 
Equations 3.2.1 and 3.2.2, each of which takes into account a different range of 
the 630 and 445 cm-1 bands intensity ratio (I630/I445). 
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  ν630 (cm-1) = 645 ± 4 - (610 ± 60) x,     (I630/I445 < 0.24)                       (Eq. 3.2.1) 
  ν630 (cm-1) = 647 ± 4 - (90 ± 20) x,     (0.27 < I630/I445 < 1.09)             (Eq. 3.2.2) 
 
3.2.3.2. Behaviour of the 630 cm-1 band with temperature 
In order to assess the influence of temperature on the in situ acquired spectra 
during the UO2 disk oxidation, especially on the 630 cm-1 band behaviour with 
the aim of correcting the latter equations, the UO2.24 sample was previously 
subjected to a temperature scanning under inert atmosphere (Ar). In this regard, 
Figure 3.2.2a shows spectra acquired at different temperatures. Apart from the 
fact that the absolut intensity of the bands diminished with the increase of 
temperature (worse signal-to-noise ratio), a shift of the 630 cm-1 band towards 
lower wavenumber values could be appreciated (see dashed line in Figure 
3.2.2a). Thus, the second derivative method [20] was applied to obtain the 
position of the 630 cm-1 band (ν630) for the different temperature values (see 
Figure 3.2.2b) and a correction equation, Equation 3.2.3, was subsequently 
derived from these data. 
ν630 (cm-1) = 650 ± 2 - (0.049 ± 0.003) T (K)                                         (Eq. 3.2.3)  
Taking into account such temperature correction factor and assuming that it 
holds for the whole fluorite-hyperstoichiometry range, i.e. as long as the structure 
remains cubic, Equations 3.2.1 and 3.2.2 can be rewritten as Equations 3.2.4 and 
3.2.5, which now describe the position of the 630 cm-1 band as a function of both 
oxidation degree (x) and temperature (T). 
ν630 (cm-1) = 660 ± 10 - (610 ± 60) x - (0.049 ± 0.003) T (K), (I630/I445 <0.24) 
(Eq. 3.2.4) 
ν630 (cm-1) = 660 ± 10 - (90 ± 20) x - (0.049 ± 0.003) T (K), (0.27<I630/I445 <1.09) 
(Eq. 3.2.5) 
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Fig. 3.2.2. a) Raman spectra of the UO2.24 oxide at different temperatures under inert 
atmosphere. b) Position of the 630 cm-1 band (ν630) of UO2.24 as a function of temperature. 
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3.2.3.3. In situ characterisation of a UO2 disk oxidation 
For the in situ analysis of a UO2 disk oxidation reaction, the latter was housed 
in the Linkam stage under synthetic air flow and temperature was then 
maintained at 573 K. Figure 3.2.3 shows spectra acquired on different spots of 
the sample surface as a function of time. As can be appreciated, under these 
conditions initial oxidation proceeded quite fast. During the first 10 hours a 
mixture of UO2+x and U4O9 phases was observed, while after this time the U4O9 
phase seemed to stabilise. Nevertheless, no surface oxidation to U3O8 was 
observed after 19 hours. 
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Fig. 3.2.3. Raman spectra of a UO2 disk, acquired at different times of a 573 K 
experiment under dry air conditions. 
 
For the purpose of performing a detailed spectral analysis, the second 
derivative method was again used. Thereafter, Equations 3.2.4 and 3.2.5 were 
applied to estimate the oxidation degree (x in UO2+x) of the UO2 disk as a function 
of time, which allowed us to better assess how the oxidation proceeded. Since 
these equations solely hold for x < 0.20 [16], every spectrum with no 2LO band 
was assumed to correspond to x = 0.25 (stoichiometric U4O9) for the sake of 
simplicity. The oxidation degree evolution of the UO2 disk surface is reflected in 
Figure 3.2.4. Hence, it can be considered that a continuous oxidation took place 
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during the first two hours approximately, before the U4O9 phase was almost 
completely stabilised. This is in good agreement with other studies performed 
under similar conditions [19]. 
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Fig. 3.2.4. Oxidation degree as a function of time of a UO2 disk surface during a 573 
K experiment under dry air conditions. 
 
3.2.4.  Conclusions 
In situ characterisation of the oxidation of a UO2 disk under repository 
conditions has been performed. For this aim, a systematic Raman study of UO2+x 
powder oxides with controlled degree of non-stoichiometry from x = 0.03 to x = 
0.24 was first carried out. The results attained from such study allowed us to 
propose new equations to characterise the oxidation degree of any UO2+x (for x < 
0.20) sample at room temperature, based on the analysis of the 630 cm-1 Raman 
band. A detailed study of the behaviour of the 630 cm-1 Raman band as a 
function of temperature under inert atmosphere was thereafter carried out in 
order to take into account the temperature effect on the latter equations. 
Therefore, by using the equations valid at room conditions corrected with the 
effect of temperature, the Raman spectra of a UO2 disk in the presence of air at 
573 K were analysed as a function of time. The results of this analysis showed a 
continuous oxidation during the first two hours, before the U4O9 phase was 
almost completely stabilised. 
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Abstract 
A reliable method to probe and characterise the oxidation of actinide oxides 
by means of Raman spectroscopy is introduced. The present so-called Raman 
laser heating method enables studying the behaviour of various compounds at 
high temperatures and under a given atmosphere with the unique alteration of a 
small amount of sample, which is certainly advantageous in terms of safety when 
handling hazardous or radioactive materials. The approach is based on a dual 
use of the laser beam, which is at the same time employed as excitation source 
for the Raman analysis and as heating source, by exploiting the possibility to 
vary the beam power density reaching the sample surface. A high laser power 
density can lead to a significant increase of the analyte surface temperature by 
up to several hundred of degrees. A sufficiently low power density allows us to 
subsequently acquire the corresponding Raman spectrum at the same point 
without distorting the measurement. In this work, UO2 powder has been 
subjected to Raman laser heating in air as a proof of this method's applicability, 
attaining a sequential acquisition of the characteristic Raman spectra of the 
different oxides involved in the oxidation from UO2 to U3O8. The temperature at 
which such sequence of phase transformations started to occur was estimated to 
be around (560 ± 40) K. The temperature at the sample surface was estimated 
from the Stokes/anti-Stokes intensities ratio, using a similar set-up to that used in 
the Raman laser heating experiments. These results are particularly appealing in 
remote analyses, like those required in the study of nuclear fuel and nuclear 
waste. 
 
 
3.3.1.  Introduction 
Knowledge of the structure and reactivity of actinide oxides, AnO2, is required 
for designing safe storages for spent nuclear fuel (SNF). Different efforts have 
been performed in this regard, studying the stability of the SNF under repository 
conditions or assessing its behaviour under possible accident scenarios [1-4]. 
From these studies, it is well-known that the oxidation of UO2 (SNF matrix) and 
other actinides present in the SNF (Np, Pu, Am, etc.) will influence the overall 
stability of the spent fuel pellets. 
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Oxidation of AnO2 occurs via oxygen incorporation into the fluorite structure 
(fcc) of the stoichiometric oxide, which has alternating empty and occupied 
oxygen cubic sites. These vacancies facilitate oxidation, e.g. uranium dioxide can 
oxidise to UO2+x, (x < 0.25) maintaining the fcc structure [5,6]. Further oxidation 
to higher oxidation states (V and VI) is also possible for uranium, leading to 
different structures such as the tetragonal or orthorhombic structures found for 
U3O7 and U3O8, respectively [7]. 
Although oxidation of AnO2 has been broadly studied for some actinides, such 
as U and Pu, some aspects of their structure and reactivity are still under debate. 
For instance, the exact hyperstoichiometry limits of UO2+x in equilibrium with air, 
or the reactivity of allegedly hypervalent PuO2+x (with additional atoms within the 
host lattice) [8-12]. Therefore, additional studies are necessary in this regard, but 
the intense radiation field inherently associated with these materials makes it 
difficult to study them in safe conditions. 
Raman spectroscopy is an analytical tool that has been established in recent 
years as a reliable probe for this kind of studies, as confirmed by the large 
increase in the specialised literature [13-29]. This is due to some of its features, as 
that 1) it does not require any special preparation of the sample, 2) the technique 
allows the analysis of a very small amount of sample, 3) it requires no direct 
contact between the experimental set-up and the analyte, 4) it can be easily 
implemented (remote analysis, Raman probes, handheld systems, etc.) for 
different applications, and 5) controlling the excitation laser power density, it is a 
non-destructive technique. 
The effects of the laser power density provided during a Raman measurement 
and its associated heating have been studied in detail on semi-conducting and 
insulating materials [30-32], especially those showing a good absorption in the 
visible range. Actinide dioxides, and precisely UO2, being a good absorber in the 
range of 1.9–2.5 eV [33], belong to materials where care needs to be taken when 
conducting Raman experiments. Owing to AnO2 absorption profiles, the local 
spot temperature may increase by hundreds of degrees. This causes several 
changes in the Raman modes and, sometimes, the sample alteration as a result of 
effects such as oxidation, photo-reduction, order-disorder transition, phase 
transition or decomposition. 
Despite the fact that this heating action of the laser has been traditionally 
considered an inconvenience when it comes to perform Raman measurements, as 
the power is usually optimised to avoid sample alteration, some authors have 
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taken advantage of this feature for various purposes. On the one hand, detailed 
Raman studies have recently been performed on PuO2, NpO2 and AmO2, aimed 
primarily at the complete mode assignment of the observed Raman bands 
[18,24,25,27]. In order to solve some discrepancies in the reported nature of 
peaks and their origin, a study of the evolution of their spectra as a function of 
laser power density has been carried out. It has been shown that increasing the 
laser power density enhances the anharmonic behaviour of the T2g mode in NpO2 
and PuO2 [25,27], decoupling of the (Γ8, LO–TO) bound state in NpO2 [25] and, 
finally, depopulation of Γ1→Γ5 and Γ1→Γ3 electronic crystal field excitations in 
PuO2 [27]. However, no phase alteration has been detected in these materials, 
even at temperatures above 700 K. On the contrary, in AmO2 it has been observed 
that, even at very low power density, the laser may induce an unavoidable 
photolysis process when visible lasers are used, resulting in the formation of 
hyperstoichiometric americium sesquioxide Am2O3+z [24]. 
On the other hand, laser heating has been employed for analysing the 
oxidation behaviour and/or resistance of uranium-based materials such as (U, 
Pu)O2 [14,28], (U, La)O2 [23], and even spent fuels [22]. In these studies, 
oxidation of the samples to higher oxidation-state phases has been observed by 
Raman spectroscopy, using the laser as a heat source. 
Due to the feasibility of this laser-induced heating, the associated temperature 
estimation has become an attractive target. In a recent study, Naji et al. [27] 
verified that the analysis of the Stokes/anti-Stokes intensities ratio is a reliable 
method for the temperature estimation in this type of experiments. Thus, in this 
work we present a new in situ approach based on the simultaneous application of 
the laser-induced heating to gradually oxidise UO2, and the corresponding 
temperature estimation by the Stokes/anti-Stokes analysis. The attained sequential 
oxidation under the laser beam, which has been for the first time systematically 
studied, is in good agreement with previously reported observations on UO2 
oxidation. The estimated temperature also seems to be consistent with existing 
literature data. 
This paper has been organised as follows. The “Materials and methods” 
section describes the employed materials, the equipment, and the Raman laser 
heating method in detail. In the “Results and discussion” section, oxidation of 
UO2 is shown as an example of the applicability of this method and, in addition, 
the Stokes/anti-Stokes spectral analysis is carried out in order to estimate the 
temperature at which phase transformations start to occur. 
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3.3.2.  Materials and methods 
3.3.2.1. Materials 
UO2 powder with a particle size distribution of ~15 µm, measured by dynamic 
light scattering (DLS), was annealed at 800ºC during 24 hr under reducing 
conditions (N2:H2 4:96 v/v) in order to ensure stoichiometric UO2.00 was attained. 
Initial characterisation carried out on this powder is further described in the 
“Sample pre-characterisation” section. 
 
3.3.2.2. Pre-characterisation techniques 
Thermogravimetric experiments were conducted with a Q50 thermo-balance 
(TA Instruments, Spain) in synthetic air with a constant rate of 60 mL/min from 
room temperature up to 973 K, at a 10 K/min rate. 
X-ray diffraction (XRD) characterisation was performed by means of a Philips 
PANalytical X’Pert MPD diffractometer using Cu Kα radiation (λ=1.54056 Å) 
and operating at 45 kV and 40 mA. Bragg-Brentano configuration geometry was 
used. 
For the acquisition of scanning electron microscopy (SEM) images of the 
initial sample, a SU6600 (HITACHI) microscope was employed. Its ZrO/W 
electron cannon permits working with an accelerating voltage that covers from 
0.5 to 30kV and with a magnification range from 10x up to 600000x. 
 
3.3.2.3. Raman spectrometers 
Raman spectroscopy analyses were mainly carried out at CIEMAT facilities 
(www.ciemat.es) using a Horiba LabRAM HR Evolution spectrometer (Jobin-
Yvon Technology). A red laser of He-Ne with a wavelength of 632.8 nm (1.96 
eV) and a nominal power of 20 mW (adjustable by filters) was used as the 
excitation source. The laser was focused onto the sample surface using a 100x 
objective (NA (Numerical Aperture) = 0.9) which led to a laser spot diameter 
below 0.9 µm; the scattered light was then collected with the same objective, 
dispersed with a 600 grooves/mm grating, and finally detected with a Peltier-
cooled CCD detector (256 x 1024 pixels). 
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Stokes/anti-Stokes Raman spectra were acquired using the Raman facility 
available at the European Commission’s Joint Research Centre of Karlsruhe 
(https://ec.europa.eu/jrc/en/about/jrc-site/karlsruhe). It consists in a Jobin-Yvon 
T64000 spectrometer equipped with an 1800 grooves/mm grating and a low noise 
liquid nitrogen cooled Symphony CCD detector. The spectrometer was used in 
the triple stage mode, which permits access to both Stokes and anti-Stokes 
spectrum lines while blocking the elastic Rayleigh line. The excitation source 
used in this case was the 647 nm (1.91 eV) line of a Kr+ laser with a controllable 
nominal power up to 0.5 W. The laser was focused using a 50x long focal 
objective (NA = 0.5) which led to a laser spot diameter below 12.2 µm, and the 
power density impinging on the sample surface was measured by a Coherent® 
power-meter placed at a position corresponding to the sample surface. 
 
3.3.2.4. Raman laser heating 
Lasers can induce a local temperature increase, by up to several hundreds of 
degrees, if they are focused on a small spot. Therefore, the excitation source of 
the Raman spectrometer focused on UO2 powder can increase its temperature and 
thereby, subjecting it to laser heating in air, it is possible to produce the 
conditions under which oxidation of this material takes place, i.e. O2 (g) and high 
temperature. In practice, the method consists in first heating a selected particle of 
UO2 by applying the excitation laser at high power density, thus inducing 
oxidation. Actually, a sequential oxidation can be attained setting the appropriate 
parameters: the laser power density at the sample surface, and the heating time or 
spectrum acquisition (as if we were in the course of a Raman experiment). After 
each heating step, the spectrum corresponding to the obtained oxide can be 
subsequently acquired at low power density, enabling the characterisation of the 
UO2 phase transitions and the oxidation evolution. 
 
3.3.3.  Results and discussion 
3.3.3.1. Sample pre-characterisation 
UO2 powder was analysed previous to the laser heating experiments by a 
variety of characterisation techniques: scanning electron microscopy, X-ray 
diffraction, Raman spectroscopy, and thermogravimetric analysis (see Figure 
3.3.S1 (Supporting Information)). The results obtained from this pre-
characterisation confirmed the quasistoichiometry of the initial UO2 sample. 
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3.3.3.2. Sequential oxidation by laser 
First of all, in order to check that a sequential oxidation of UO2 was actually 
feasible with the Raman set-up available at CIEMAT, several combinations of 
laser power densities and exposure times were performed. In this way, varying 
both parameters consecutively until a significant change in the spectrum was 
detected, an in situ sequential oxidation of a UO2 particle was attained. Figure 
3.3.1 gathers some of the Raman spectra acquired during this oxidation reaction. 
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Fig. 3.3.1. Raman spectroscopy in situ characterisation (using a 632.8 nm laser and 
300 s acquisition time) of the sequential oxidation of a UO2 particle, where the position of 
the main characteristic bands of the different stoichiometric oxides is shown. 
 
The bottom spectrum in Figure 3.3.1 corresponds to the initial 
quasistoichiometric UO2 (see Supplementary Information for further detail), 
featuring the T2g band around 445 cm-1 and the 2LO mode band at ~1150 cm-1 
[34,35]. Once oxidation started and additional oxygen was incorporated into the 
cubic structure of UO2 (UO2+x), a broad band appeared at 500-700 cm-1. This 
contribution is commonly attributed to different structure defects [13,16,26,36]. 
As progressive oxidation occurred, the latter feature grew and the band at 1150 
cm-1 decreased [13,26,37], even disappearing when U4O9 was reached [17], as can 
be observed in Figure 3.3.1. At this point, a new band appeared at ~160 cm-1, 
which is also characteristic of the U4O9 phase [17]. Further oxidation produced a 
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marked change in the spectrum: the band at 445 cm-1 began to split, the band at 
500-700 cm-1 decreased and two new bands at ~235 cm-1 and ~812 cm-1 appeared. 
This was possibly due to the increasing presence of orthorhombic U3O8. Finally, 
three bands in the range of 300-500 cm-1 and the ~235 cm-1 and ~812 cm-1 
features indicated that a complete conversion to U3O8 had been accomplished 
[15,38-41]. 
Thereafter, the appropriate laser power density and time parameters for the 
direct attainment of the two phase transformations (UO2U4O9U3O8) were 
tested. Figure 3.3.2 reflects the results of this Raman laser heating experiment, 
applied again to a UO2 particle. 
Reproducibility of this Raman laser heating protocol for UO2 was ensured by 
heating different particles of similar sizes. The good reproducibility obtained 
between different measurements allows us to estimate the temperature conditions 
under which UO2U4O9U3O8 phase transitions take place as a result of the 
laser-induced heating. It should be noted that this temperature value is strongly 
dependent on the roughness/grain size of the sample. Thus, the temperature at 
which these transitions occur can be better inferred by establishing a direct 
relation between the laser power density and the laser-induced temperature, by 
performing the Stokes/anti-Stokes analysis as hereafter described. 
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Fig. 3.3.2. Raman spectra (using a 632.8 nm laser and 300 s acquisition time) 
corresponding to UO2 laser heating in situ oxidation: a) at the start of the experiment, b) 
after heating the particle during 5 s, where U4O9 was detected, and c) after using the same 
laser power density as in b) during 10 s, where complete oxidation of the particle to U3O8 
was observed. 
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3.3.3.3. Stokes/anti-Stokes temperature analysis 
The temperature of the laser-heated sample surface at which the 
transformations started to occur was estimated by evaluating the ratio between the 
T2g Stokes and anti-Stokes Raman intensities and using the following equation 
(Equation 3.3.1), based on the Boltzmann distribution of modes between energy 
levels, 
                                
	

	
 = 
νν
νν


ν
	
                    (Eq. 3.3.1) 
where ν0 and νj are the wavenumbers of the excitation line and the Raman 
modes, respectively, Ianti-Stokes and IStokes are the intensities of the anti-Stokes and 
Stokes Raman peaks, kB is the Boltzmann constant, c is the speed of light, h is 
Planck’s constant, and T is temperature. The estimated uncertainty was obtained 
by applying the method previously published by LaPlant et al. [42]. This method 
was shown to give satisfactory results as compared by Naji et al. [27] for a PuO2 
sample which was externally heated in a Linkam TS1500 temperature stage. 
The Raman anti-Stokes spectrum, however, can only be measured with a 
spectrometer equipped with a triple-mode optical path or any other system for 
which the use of high-pass filters is not required. Since these conditions are not 
met with the current Raman equipment at CIEMAT, the latter experiments were 
performed using the Raman facility available at the European Commission’s Joint 
Research Centre of Karlsruhe (Germany). 
Thus, the absolute Stokes/anti-Stokes temperature (TSAS) was derived from the 
ratio (RSAS) between the experimental integrated intensities of the anti-Stokes and 
Stokes T2g peaks. It should be pointed out that the TSAS determination based on the 
T2g peak intensity can only be rigorously performed as far as the original fluorite 
structure and T2g mode features are maintained. Prior to these calculations, Stokes 
and anti-Stokes Raman spectra were corrected for the instrumental response 
according to the procedure described elsewhere [27,32]. Despite the instrumental 
correction, the value of TSAS can represent the real sample temperature in a rather 
inaccurate fashion, due to uncontrollable sample-dependent factors affecting the 
intensities of the Stokes and anti-Stokes lines, such as defect or impurity 
fluorescence, roughness scattering, etc. Therefore, the value of TSAS should be 
considered as only indicative of the absolute temperature produced by the laser 
beam on the irradiated spot. In addition, although it is not the case, it should be 
noted that for this kind of analysis two important precautions need to be always 
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taken into account with regard to the wavelength used: the assurance of no 
Raman resonance effects and the knowledge of the absorption behaviour of the 
material in that corresponding energy range. 
Raman spectra on UO2 powder were measured in this case using the 647 nm 
line of a Kr+ laser. Longer acquisition times (several tens of seconds) were 
however needed in order to resolve the anti-Stokes spectrum with the triple-mode 
optical path. The resulting Raman spectra measured at different laser power 
density levels and the corresponding SAS temperatures are reported in Figure 
3.3.3a and Figure 3.3.3b, respectively. The power density levels reflected in 
Figure 3.3.3 were measured at the exit of the laser cavity. The laser power density 
impinging on the sample surface was measured to be lower by a factor 5 
approximately. 
The spectra measured correspond to defective fcc UO2, showing a broad 
feature between 550 cm-1 and 630 cm-1 characteristic of UO2+x [13,16,26,36]. 
This feature is observed up to ~68 mW/cm2. Around this laser power density 
defect modes quickly disappear, and then U3O8 spectrum [15,38-41] is observed 
for higher laser power densities (see Figure 3.3.3a). Due to the longer acquisition 
times needed, the sequential oxidation of UO2 to U4O9 before final stabilisation 
of U3O8 was not observed in these experiments. Nonetheless, the main goal of 
these tests consisted in showing that the temperature at which the UO2 fluorite 
structure loses its chemical stability in air can be effectively determined by 
Raman spectroscopy without the help of any other auxiliary techniques. Indeed, 
the Stokes/anti-Stokes analysis does give an approximate temperature at which 
the phase transformations observed with the CIEMAT equipment start to take 
place in the time frame of the current Raman laser heating experiment. Actually, 
such temperature is close to (560 ± 40) K ((290 ± 40) °C) if we take into account 
the highest temperature measured before U3O8 was detected, in fair agreement 
with existing literature data [2]. 
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Fig. 3.3.3. a) Selection of Stokes and anti-Stokes Raman spectra (16 min 
acquisition/heating time) of UO2 powder measured at JRC Karlsruhe with increasing 
power density levels of a 647 nm laser. b) Stokes/anti-Stokes temperatures (TSAS), 
estimated from the spectra acquired at different laser power densities. 
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3.3.4.  Conclusions 
The development of a reliable method to characterise in situ by means of 
Raman spectroscopy the chemical reactions occurring in a sample, called Raman 
laser heating, has been carried out. The method consists of two steps: 1) 
producing a local heating on the investigated material by increasing the laser 
power density, and 2) subsequently acquiring, at a non-altering low laser power 
density, the corresponding Raman spectrum of the sample in order to analyse its 
reactivity at the high temperatures induced and under a given atmosphere. 
In this work, Raman laser heating is especially proposed to evaluate in situ the 
oxidation of actinide dioxides in air. The small size of the laser spot enables 
analysing such oxidation behaviour with the unique alteration of a minor amount 
of sample, what constitutes a significant safety advantage when it comes to 
working with homogeneous radioactive materials. 
In order to prove the method's applicability, UO2 powder has been subjected 
to Raman laser heating, consequently acquiring different Raman spectra 
corresponding to the sequential oxides (UO2+x and U4O9) involved in the air 
oxidation of UO2 to U3O8, with good reproducibility of the results. 
The temperature at which such phase transformations start to occur, in the 
time frame of the current laser heating experiments, was estimated to be close to 
(560 ± 40) K ((290 ± 40) °C) in air by performing, with a different set-up, a 
Stokes/anti-Stokes spectral analysis in similar Raman laser heating experiments. 
This is an important result as it shows how it is indeed possible, using only 
Raman spectroscopy, to reasonably estimate the temperature at which UO2 starts 
to oxidise in air. 
The present observations will be useful in the analysis of nuclear fuel and 
nuclear waste, which can be performed remotely by tailored Raman probes, and, 
at the same time, in situ or ex situ on highly radioactive samples. 
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Supplementary Information 
 
 
 
 
 
3.3.S1. UO2 sample pre-characterisation 
SEM images of the UO2 powder are shown in the upper part of Figure 3.3.S1. 
As can be observed, the powder is formed by fine pulverised material with a 
particle size distribution of around 10–15 µm. 
Figure 3.3.S1a shows the typical X-ray diffraction pattern of the cubic 
structure of quasi-stoichiometric UO2 over the 2θ angle range 25–80º, in 
agreement with data published by Fritsche et al. (open symbols ICCD 00-041-
1422) [1]. Assuming the Fm-3m space group for UO2, the cell parameter found is 
0.5468(5) nm, also in accordance with those values reported in the literature 
[2,3]. 
The Raman spectrum  (Figure 3.3.S1b) of this initial powder corresponds as 
well to the characteristic spectrum of stoichiometric UO2, i.e. it features a sharp 
band around 445 cm-1 assigned to the U-O fundamental stretching vibration (T2g), 
and a wider and much less intense band at ~1150 cm-1 attributed to the 2LO 
phonon band [4,5]. Less intense spectral features between 550 cm-1 and 630 cm-1 
reveal a small concentration of negligible defects in the fcc crystal structure [6,9]. 
In addition, the thermogravimetric weight-gain curve obtained (Figure 
3.3.S1c) represents the typical curve for UO2 oxidation, where the first plateau 
corresponds to its transformation into U4O9/U3O7 and the final one indicates the 
whole conversion to U3O8 [10]. The total weight gain recorded by 
thermogravimetric analysis, close to 4%, also confirms the quasi-stoichiometry of 
the initial UO2 powder. 
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Fig. 3.3.S1. SEM images of UO2 powder (top). Graphics corresponding to the 
previous characterisation of the UO2 sample: a) X-ray powder diffraction pattern, 
b) Raman spectrum (using a 632.8 nm laser and 300 s acquisition time), and c) 
Thermogravimetric curve (bottom). 
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Abstract 
The position of the main spectral features (located at ~445, ~575, ~625, ~925 
and ~1145 cm-1) in the Raman spectrum of UO2 has been examined from room 
temperature up to 600°C. The wavenumber shifts measured for the observed 
bands have allowed us to obtain the temperature dependence (dω/dT) of the 
different vibrational modes. Our measurements corroborate the assignment of 
the band observed at ~1145 cm-1 to the 2LO overtone. In addition, the 
temperature dependence of the bandwidths of the T2g and 2LO modes has been 
analysed. 
 
 
3.4.1.  Introduction 
Raman spectroscopy is becoming an essential technique for the study of 
nuclear materials, owing to its multiple advantages with respect to other 
traditional techniques [1]. In this sense, Raman characterisation of UO2 and, 
especially, of its higher oxidation-state oxides has been often addressed in the last 
years [2-8]. This is due to the fact that the majority of nuclear power plants in 
operation worldwide use UO2 as fuel, and the sensitivity provided by Raman 
spectroscopy enables extracting valuable information for a correct understanding 
of the UO2 oxidation reaction, what becomes particularly relevant for the spent 
fuel assessment under repository conditions. Most of the studies carried out to 
date have been focused on identifying the Raman spectra of the different uranium 
oxides involved in the oxidation process and on shedding light on the structural 
evolution leading to such phase changes [2-8]. However, in order to extract as 
much information as possible from Raman experiments, a better comprehension 
of all the spectral features is mandatory, and analysing the effect of both pressure 
and temperature on Raman spectra may help to clarify the spectral assignment of 
the target compounds. 
Livneh and Sterer studied the effect of pressure on the Raman spectrum of 
UO2 and assigned the band located around 1150 cm-1 to the first overtone of the 
LO mode [9], previously assigned to the Γ5- Γ3 crystal field electronic transition 
[10]. However, to the best of our knowledge, further studies to corroborate the 
broadly assumed 2LO mode assignment have not been reported to date. 
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Concerning the temperature effects on the Raman spectrum of UO2, 
Guimbretière et al. studied only the T2g band as a function of temperature and 
provided a set of empirical equations to estimate such parameter on a given UO2 
sample, taking into account the variation of both the position and width of this 
Raman band [11]. Nonetheless, as far as we know, the temperature dependence of 
the full Raman spectrum of UO2 has not yet been reported. Here we present a 
detailed analysis of the temperature coefficients (dω/dT) of the most 
representative spectral features found in the Raman spectrum of UO2, which have 
been used to verify the 2LO assignment of the Raman band located at ~1145
 
cm-1. 
Furthermore, the variation with temperature of the bandwidths of both T2g and 
2LO bands has been examined as well. 
 
3.4.2.  Experimental details 
3.4.2.1. Materials 
The sample used in this work consisted in an annealed UO2 disk supplied by 
ENUSA. 
 
3.4.2.2. Raman spectroscopy 
In situ Raman characterisation of UO2 as a function of temperature was 
performed using a Linkam THMS600 temperature stage coupled to the BX41 
Olympus microscope of a Horiba LabRAM HR Evolution Raman spectrometer. 
The mechanical design and electronics of the temperature stage provided precise 
control and a temperature stability better than 0.2 degrees over the whole 
temperature range. 
The atmosphere used while heating the UO2 disk was a (N2+4.7%H2) flow, 
with the aim of preventing oxidation (what was verified by ensuring that the 
Raman spectrum after the heat treatment was identical to the initial). A heating 
ramp of 10°C/min was applied to reach the measured temperatures –from room 
temperature to 600°C at 25°C steps–, and a thermalisation time of 15 minutes at 
each selected temperature before acquiring the Raman spectra. 
Raman spectra were excited at 632.8 nm provided by a He-Ne laser. The laser 
beam was focused on the sample through a 50x long-working distance objective, 
allowing us to measure through the silica window of the Linkam stage. The 
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excitation power was optimised to avoid both alteration and overheating of the 
samples. The collected backscattered radiation was dispersed with a 600 
grooves/mm grating and recorded using a CCD detector, obtaining a spectral 
resolution of better than 3 cm-1. The acquired spectra were calibrated with the 
emission lines of a Ne discharge lamp, recorded just before measuring at each 
temperature. 
 
3.4.3.  Results and discussion 
3.4.3.1. Raman spectrum of UO2 as a function of temperature 
Figure 3.4.1 gathers some of the Raman spectra obtained on the UO2 disk over 
the whole temperature range studied (26ºC-600ºC), where five spectral features 
were detected. 
 26°C
 50°C
 100°C
 150°C
 200°C
 250°C
 300°C
 350°C
 400°C
 450°C
 500°C
 550°C
 600°C
400 600 800 1000 1200 1400 1600 1800 2000 2200
400 420 440 460 480
~
 
62
5LO
~
 
92
5
2L
O
 
 
 
In
te
n
sit
y 
 
(A
rb
.
 
u
.
)
Wavenumber (cm-1)
T 2g
 
 
 
Wavenumber / cm-1
T2g band T
  
Fig. 3.4.1. UO2 Raman spectrum acquired at different temperatures under H2/N2 
atmosphere, normalised with respect to the T2g band. Inset shows the shift experienced by 
the T2g band due to the temperature increase. 
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These features correspond to (all wavenumbers measured at room 
temperature): 1) the main characteristic T2g band located at 445 cm-1 [12], 2) the 
~575 cm-1 band, attributed to the Raman-forbidden LO mode [13,14], that 
becomes active due to the combined effect of lattice defects and resonance 
enhancement [6,15], 3) the band around 625 cm-1, recently associated with 
oxidation [7,8] (thus suggesting a minor surface oxidation of the UO2 disk), 4) the 
band located at ~925 cm-1 which has been reported as 2TOR [9], and 5) the ~1145 
cm-1 band, whose 2LO mode assignment [9] confirmation is one of the aims of 
this work. 
As expected, all Raman bands downshift in wavenumber with increasing 
temperature due to both volume and anharmonic effects. This is especially 
evident for the T2g band, given its narrower bandwidth (inset in Figure 3.4.1). It is 
widely assumed that the temperature dependence of each phonon frequency 
consists of two additive contributions [16,17]. The so-called ‘implicit’ 
contribution is that due to the thermal expansion of the lattice, which can be 
calculated from available experimental volumetric data. The second contribution 
arises from anharmonic interactions between phonons. It is labelled the ‘explicit’ 
contribution and is usually modelled using three-phonon and four-phonon 
processes. In our case, we were unable to model the frequency softening because 
accurate thermal expansion or equation of state data are lacking across the 
temperature range covered in our experiments. 
 
3.4.3.2. Temperature dependence of the bands wavenumber 
A precise analysis of the wavenumber variation with temperature of each 
Raman feature of UO2 is shown in Figure 3.4.2. For this purpose, a second 
derivative analysis [18-20] was previously performed on all the acquired Raman 
spectra. The temperature coefficients (dω/dT) were subsequently obtained for all 
the vibrational modes (Figures 3.4.2a-3.4.2e). These coefficients are gathered in 
Table 3.4.SI (see Section 3.4.S1 in Supplementary Information). 
For the sake of comparison with existing results, we compare in Figure 3.4.2a 
the evolution of the T2g band with temperature with those reported by 
Guimbretière et al. [11]. Both sets of data are in excellent agreement, showing a 
downshift of around 3-4 cm-1 across the temperature range covered in both 
studies. 
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Fig. 3.4.2. Wavenumber shift with temperature of the different bands featured in the 
Raman spectrum of UO2: a) T2g, b) LO, c) ~625 cm-1, d) ~925 cm-1 and e) 2LO bands. 
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3.4.3.3. Confirmation of the 2LO mode assignment 
These results allow us to check the assignment for the ~1145 cm-1 band [9], 
since the wavenumber of an overtone must fit twice the corresponding 
fundamental wavenumber under an external perturbation, in our case the 
temperature. We therefore compare in Figure 3.4.3 the temperature dependences 
of ωLO (Figure 3.4.2b) and half the 1145 cm-1 band (Figure 3.4.2e). 
It is readily observed that both sets of data match accurately and exhibit 
similar temperature dependencies. This finding corroborates that the ~1145 cm-1 
band corresponds indeed to the first overtone of the LO mode band [9], so we 
have labelled ω2LO/2 in the figure. 
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Fig. 3.4.3. Comparison between the LO band shift (ωLO) and half the 2LO band shift 
(ω2LO/2) as a function of temperature. 
 
3.4.3.4. Temperature dependence of the bandwidths 
Likewise, the variation with temperature of the bandwidth has also been 
analysed for the most prominent bands of the Raman spectrum, i.e. T2g and 2LO. 
It was not possible to properly carry out such analysis on the other bands due to 
their much lower signal-to-noise ratios. 
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Figure 3.4.4a shows, by way of example, those band-shape fits performed on 
T2g and 2LO bands of the Raman spectrum acquired at room temperature (setting 
the band position/wavenumber value previously obtained by the second 
derivative analysis). In the case of the 2LO band, the second derivative analysis 
was not sufficient to resolve other contributions on the right side of the band 
profile which have been related to crystal field transitions [10]. 
The evolution of the T2g and 2LO bandwidths as a function of temperature is 
plotted in Figures 3.4.4b and 3.4.4c, respectively. Again, our data are in very 
good agreement with those reported by Guimbretière et al. [11] over the whole 
measured range (Figure 3.4.4b), despite the fact that the bandwidth may be 
influenced by impurities and defects on the sample. In addition, the temperature 
dependence of the T2g mode bandwidth has been satisfactorily modelled in terms 
of the anharmonic decay of phonons (see Section 3.4.S2 in Supplementary 
Information). 
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Fig. 3.4.4. Raman spectrum of UO2 acquired at room temperature, where the 
Lorentzian band-shape fits performed on T2g and 2LO bands are shown (a)). Variation 
with temperature of the bandwidth of b) T2g and c) 2LO bands. As a tentative analysis, we 
have included in a) a Lorentzian fit of the ~1209 cm-1 Crystal Field (CF) contribution (see 
dashed band) [10], since it appears as a slight distortion on the right side of the 2LO band 
in the second derivative spectrum obtained at room temperature. 
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3.4.4.  Conclusions 
The Raman spectrum of UO2 has been assessed as a function of temperature. 
In particular, a detailed analysis of the position (wavenumber) of every featured 
band from room temperature up to 600°C has been conducted. 
Consequently, the temperature coefficient dω/dT of every characteristic 
Raman band has been obtained, being the one corresponding to the T2g band in 
good agreement with the sole data reported in the literature in this regard. At the 
same time, these results have allowed us to confirm the assignment of the ~1145 
cm-1 band to the first overtone (2LO) of the LO band. 
In addition, the temperature dependence of the bandwidths of the main 
characteristic Raman bands of UO2, i.e. T2g and 2LO modes, has been analysed. 
These results have also been found to be in agreement with the existing data in 
relation to the T2g bandwidth evolution with temperature. 
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3.4.S1. Temperature coefficients (dω/dT) 
Table 3.4.SI. List of the temperature coefficients obtained for the different vibrational 
modes featured in the Raman spectrum of UO2. The wavenumber value assigned to each 
mode refers to that corresponding to room temperature. 
VIBRATIONAL MODE 
TEMPERATURE 
COEFFICIENT (dω/dT) 
(cm-1/ºC) 
T2g (~445 cm-1) -0.0063 ± 0.0006 
LO (~575 cm-1) -0.011 ± 0.004 
~625 cm-1 -0.028 ± 0.004 
~925 cm-1 -0.045 ± 0.003 
2LO (~1145 cm-1) -0.0183 ± 0.0007 
 
3.4.S2. Modelling the T2g mode bandwidth behaviour 
The changes in the bandwidth Γ	should reflect the anharmonic decay of 
phonons with temperature, which can be modelled using the following expression 
[1]: 
Γ = 	Γ + 	 
1 + 2ℏ/ − 1 +  
1 +
3
ℏ/ − 1 +
3
ℏ/ − 1 
 (Eq. 3.4.S1) 
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in which C and D are constants accounting for cubic (three phonon) and 
quartic (four phonon) anharmonic processes, respectively, and  is the 
frequency of the phonon considered.  
By inserting the frequency of the T2g phonon (445 cm-1) into Equation 3.4.S1 
and using the values of C = 1.66 and D = 0.33 reported by Pandey et al. [2] for 
nanocrystalline CeO2, we were able to accurately fit Γ(T) with Γ0 = 10 cm-1 
(continuous line in Figure 3.4.S1). This result is quite interesting, since it 
suggests that both UO2 and CeO2 lattices exhibit similar anharmonic mechanisms 
for the decay of phonons. 
0 100 200 300 400 500 600
15
20
25
30
35
40
 This study
 Guimbretière et al. [11]
 Equation 3.4.S1
 
Temperature (ºC)
Ba
n
dw
id
th
 
(cm
-
1 )
 
T2g band
 
Fig. 3.4.S1. Variation with temperature of the bandwidth of the T2g mode 
(Figure 3.4.4b), where the modelled data have been included. 
 
3.4.S3. References 
[1] M. Balkanski, R. F. Wallis and E. Haro, Phys. Rev. B, 28, 1928-1934 (1983). 
DOI: https://doi.org/10.1103/PhysRevB.28.1928. 
[2] S. D. Pandey, J. Singh, K. Samanta, N. D. Sharma and A. K. Bandyopadhyay, 
J. Nanomat., 16, 492967 (2015). DOI: 10.1155/2015/492967. 
  
 Result 5 
 
 
 
 
 
 
 
 
 
Pu effect on (U, Pu)O2 oxidation 
Published as “Raman study of the oxidation in (U, Pu)O2 as a function of Pu content”, 
J. M. Elorrieta, D. Manara, L. J. Bonales, J. F. Vigier, O. Dieste, M. Naji, R. C. Belin, 
V. G. Baonza, R. J. M. Konings and J. Cobos , J. Nucl. Mater., 495, 484-491 (2017). 
DOI: 10.1016/j.jnucmat.2017.08.043 
 
 Pu effect on (U, Pu)O2 oxidation                                                                                         125  
 
 
 
 
Abstract 
This work presents a systematic Raman study of the matrix oxidation in a 
variety of (U1-y, Puy)O2 compositions (0 ≤ y ≤ 0.46) at different temperatures, 
between 250ºC and 400ºC. Our results indicate that the increase in Pu content 
hinders the oxidation process of the dioxide matrix. Further oxidation of the 
uranium-plutonium mixed dioxides in air starts between 250°C and 310°C, on a 
time scale of several hours. M4O9 seems to be the most stable intermediate phase 
formed upon oxidation of all the investigated mixed oxides, before final oxidation 
to M3O8. In addition, X-ray diffraction measurements and SEM images confirm 
the trend observed by Raman spectroscopy, i.e. Pu stabilises the fcc structure of 
the dioxide. 
 
 
3.5.1. Introduction 
The performance assessment of spent nuclear fuel (SNF) stability under dry 
interim storage conditions is of great importance in nuclear waste technology. In 
case of failure of the engineered containment barriers, oxidation of the spent fuel 
matrix (UO2) might take place depending on the oxygen concentration in the 
surroundings and the temperature produced by the decay heat. As is well known, 
oxidation of UO2 to U3O8 involves an increase in volume of around 36% that 
might affect fuel integrity and, consequently, storage safety [1]. Hence, it 
becomes necessary to understand in detail how this reaction proceeds, analysing 
step-by-step not only the different uranium oxides that take part in the oxidation, 
but also the reaction mechanisms responsible for the consecutive structural 
transitions along the UO2 U4O9/U3O7 U3O8 transformation [2]. 
In particular, the first stage of the latter reaction, i.e. UO2 evolution to 
U4O9/U3O7, takes on special interest owing to the fact that various crystal 
symmetry transitions occur along this compositional range while the overall 
structure remains cubic [3]. Such transitions have been experimentally detected 
by means of Raman spectroscopy and X-ray diffraction (XRD) [4,5]. As 
additional oxygen atoms are incorporated into the Fm-3m cubic lattice, they 
continuously rearrange without altering it in a significant way, eventually giving 
rise to a so-called superstructure. This corresponds to the U4O9 phase, which 
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consists of a very densely packed cubic structure where oxygen atoms arrange 
themselves into cuboctahedral clusters [6]. Likewise, U3O7 has a distorted cubic 
lattice, only differing from U4O9 in the slight alteration caused by the excess of 
oxygen [3]. 
Full comprehension of this oxidation reaction becomes even a greater 
challenge when, instead of dealing with pure uranium dioxide, it concerns 
uranium-based mixed oxides like (U, Pu)O2, commonly referred to as MOX, and 
(U, Am)O2-x. Such is the case of the potential fuels for fast neutron reactors, 
mainly intended for nuclear waste radiotoxicity reduction. In this sense, it is 
certainly necessary to assess the behaviour of the transuranium elements within 
the UO2 matrix and their influence on the stability of this kind of SNF against 
oxidation/corrosion during storage. 
Especially, the effect of Pu incorporation into the UO2 matrix has been 
frequently addressed, since MOX fuels have been used for at least 30 years in 
some countries, e.g. France, Belgium or Germany, with the aim of recycling Pu in 
Light Water (thermal) Reactors (LWR) [7]. In this way, (U1-y, Puy)O2 oxides with 
different y values as well as a few spent MOX fuels have been characterised and 
their oxidation in some cases investigated [8-21]. In these studies, a variety of 
experimental techniques have been employed, although XRD is by far the most 
frequent. Already in the 1970s, XRD measurements were applied for analysing 
the oxidation products of uranium-plutonium mixed oxides obtained in a thermal 
balance [8,9]. More recently, the effect of Pu content on the mixed dioxide lattice 
parameter at room temperature and the structure evolution after oxidation have 
been assessed [10-17]. In all of them the lattice parameter has been reported to 
follow Vegard’s law, decreasing linearly as a function of plutonium 
concentration. With regard to oxidation of (U1-y, Puy)O2 oxides at different 
temperatures, it has been found that Pu stabilises the cubic phase during the 
reaction and that the temperature of M3O8 formation is higher as Pu content 
increases [15]. 
Furthermore, Raman spectroscopy of nuclear materials and actinide 
compounds has been broadly developed in the last decade [4,5,18-34]. This is not 
only due to advances in Raman spectroscopy approaches, their versatility, and 
potential non-contact analyses, but also to the improvement of confinement 
techniques for highly radioactive materials [21,30,31], which have allowed the 
study of hazardous compounds practically unexplored until the last decade of the 
Twentieth Century. 
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Concerning uranium-plutonium mixed oxides, certain studies have provided 
Raman characterisation of both unirradiated samples and spent fuels 
corresponding to different Pu contents [18-22]. A higher oxidation resistance of 
this kind of mixed dioxides as Pu concentration increases has also been reported 
[20,21]. 
Nevertheless, none of these studies has systematically evaluated, directly by 
Raman spectroscopy, the matrix oxidation of (U, Pu)O2 mixed oxides under 
different temperature conditions and as a function of Pu content. Such a detailed 
Raman analysis of the matrix oxidation, within a varying range of Pu 
concentrations, is presented here for the first time. 
 
3.5.2. Experimental 
3.5.2.1. Materials 
A variety of starting (U1-y, Puy)O2 fragments, averaging 1-3 mm in surface 
size, with different Pu contents ranging from y = 0 up to y = 0.46 were used in 
this work. Some of them were provided by CEA (Commissariat à l’Energie 
Atomique, France) and others by JRC Karlsruhe (Joint Research Centre, 
Germany). CEA samples were prepared and characterised by a well established 
powder metallurgy procedure described in previous publications [17]. JRC 
samples were prepared by sintering powders produced by sol-gel technique, as 
described elsewhere [22]. Table 3.5.I comprises data concerning the samples, 
such as the MOX reference utilised hereafter for each one, the proportion of Pu 
they contain and their provider. 
 
Table 3.5.I. List of (U, Pu)O2 mixed oxides used in this work. 
REFERENCE Pu CONTENT (mol%) (±2) PROVIDER 
UO2 0 JRC 
MOX 3.7 3.7 JRC 
MOX 14 14 CEA 
MOX 19 19 CEA 
MOX 35 35 CEA 
MOX 46 46 CEA 
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3.5.2.2. Sample preparation 
Starting samples listed in Table 3.5.I were annealed at 1600°C during 15 min 
under reducing conditions (Ar + 6.5% H2 flow), enabling the removal of lattice 
defects expected from alpha self-irradiation. Thereafter, the oxidation procedure 
consisted in heating them at a constant rate of 10°C/min up to a given 
temperature in each experiment, i.e. 250, 310, 340 and 400°C, under a synthetic 
air flow and maintaining the selected temperature for three hours. The samples 
were withdrawn immediately after this time period elapsed, with the aim of 
avoiding further oxidation due to the slow inertial cooling of the furnace tube. 
Both annealing and oxidation experiments were carried out in an alumina tube 
furnace. 
 
3.5.2.3. Raman spectroscopy 
Due to the radioactivity of the MOX samples, it was necessary to encapsulate 
them prior to Raman spectra measurements into α-shielding Plexiglas capsules 
recently designed and developed by JRC Karlsruhe [31]. The spectra were 
recorded through the quartz window on top of these capsules. 
Raman measurements were performed with a Jobin-Yvon T64000 
spectrometer. All spectra were acquired at an excitation wavelength of 647 nm, 
provided by a Kr+ laser. The laser beam was focused on the sample through a 
long focal distance objective (NA (Numerical Aperture) = 0.5) with 50x 
magnification. The excitation power was optimised between 50-100 mW (being 
around 5 times lower at the sample surface [29]) in order to prevent further 
oxidation of the samples by the laser. The scattered radiation was dispersed using 
an 1800 grooves/mm holographic grating and recorded by a liquid-nitrogen 
cooled CCD detector. The single spectrograph configuration applied enabled a 
spectral resolution of ±1 cm-1. The spectrometer was daily calibrated using the T2g 
phonon (520.5 cm-1) of a silicon single crystal [35]. 
 
3.5.2.4. X-ray diffraction 
XRD analyses were performed on crushed samples. About 20 mg of powder 
were loaded in an epoxy resin to avoid excessive dispersion of radioactive 
powder. A Seifert XRD-3003 X-ray diffractometer (Cu Kα radiation) with a 
Bragg-Brentano θ/θ configuration was used for the analyses. The device is 
implemented in a glove-box for radioactive material confinement. The powder 
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patterns were recorded using a step size of 0.02° across the angular range 10° ≤ 
2θ ≤ 120°. Structural analyses were performed by the Rietveld method using 
Jana2006 software [36]. Peak-profile analysis was carried out using pseudo-
Voigt band-shapes. 
 
3.5.2.5. Scanning electron microscopy 
The scanning electron microscopy used in this work is a Philips XL40 SEM 
(Philips, Amsterdam, Netherlands), which has been modified in order to be used 
for the examination of highly active or irradiated nuclear materials [37,38]: the 
chamber, column, turbomolecular pump and the high voltage unit are mounted 
inside a glove-box in order to keep the contamination in a confined space, 
whereas the primary vacuum system, water cooling circuit and acquisition 
electronics are placed outside, provided those parts are not contaminated by the 
active samples, thus facilitating the equipment maintenance. The microscope is 
equipped with Secondary-electron detector (SE) which gives a morphology-
related signal, Backscattered-electron detector (BSE) which provides images 
with Z-related contrast, and Energy dispersive X-ray spectroscopy (EDS) used to 
obtain elemental analysis of the samples. The beam was operated during this 
work at 25 kV. 
 
3.5.3. Results and discussion 
3.5.3.1. Initial characterisation 
XRD and X-ray absorption spectroscopy (XAS) characterisation of the 
samples was performed on as-fabricated materials. Both their composition and 
the attainment of single phase materials were confirmed, based on XRD. The 
results of these characterisation campaigns are published in previous papers 
[15,22]. 
Prior to conducting the different oxidising heat treatments, Raman spectra of 
each annealed MOX sample were acquired, as shown in Figure 3.5.1. UO2 
spectrum features two characteristic bands at about 445 and 1150 cm-1, which are 
well known and correspond to the T2g mode [39] and the 2LO phonon overtone 
[40], respectively. Inasmuch as Pu content increases, the general aspect of the 
spectra changes: a) the T2g band shifts continuously to higher wavenumbers, b) 
the 2LO band diminishes until it is no longer discernible, c) a broad band appears 
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at 500-600 cm-1 (labelled with a rhombus), and d) another feature is observed 
around 850-1000 cm-1. 
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Fig. 3.5.1. Raman spectra of the initial (U1-y, Puy)O2 samples, with 0 ≤ y ≤ 0.46. 
 
The continuous shift to higher wavenumbers of the T2g band with the increase 
of Pu content is caused by the shortening of the M(U, Pu)-O bonds [20]. The 
upshift in the T2g mode is essentially linear, ranging from around 445 cm-1 for 
pure UO2 to 478 cm-1 for pure PuO2 [4,22,24,25,29,30,39-44]. Both the 
attenuation of the 2LO peak and the appearance of a new band ca. 500-600 cm-1 
can be associated with lattice distortions (non-perfect fluorite structure) 
[4,27,42,44], due in this case to the partial substitution of U atoms by Pu atoms. 
The simultaneous presence of Pu3+ and U5+ cations, already observed in this kind 
of compounds for example by X-ray absorption spectroscopy [22], might in fact 
foster the formation of Frenkel-like defects, which have been proposed to be 
responsible for an analogue spectral feature found around 575 cm-1 in UO2 [45] 
and at ~578 cm-1 in PuO2 [29]. The broad band at 850-1000 cm-1 might be related 
to the first overtone of the T2g mode of PuO2 [29,46]. Slight differences in the 
intensity ratios of some bands when comparing with previous studies [19,20] may 
be attributed to the different excitation wavelength used in this work [3]. 
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A second derivative analysis [47] was applied to every spectrum with the aim 
of determining the position of the T2g band more accurately for each MOX 
sample. The approximately linear behaviour of the T2g position as a function of 
Pu content in the mixed oxides (Figure 3.5.2a) reflects the correct estimation of 
the Pu content value for all the samples, assuming a one-mode T2g vibration [48].  
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Fig. 3.5.2. a) Position of the T2g band vs. Pu content of the different MOX samples. b) 
Peak fitting performed on the T2g band of MOX 46 Raman spectrum. 
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This one-mode model assumption, already reported in previous studies 
[19,20,22], was confirmed by fitting the T2g band and ascertaining a single-peak 
contribution. Figure 3.5.2b shows these peak fitting results in the case of MOX 
46, where a two-mode behaviour should be noticeable (if existing), but a sole 
peak is likewise observed. T2g positions are also in good agreement with those 
reported by Böhler et al. [22]. 
 
3.5.3.2. Behaviour under different temperature conditions 
3.5.3.2.1. Raman analysis 
Following every oxidising heat treatment, characterisation of the treated MOX 
samples was carried out by Raman spectroscopy. Figure 3.5.3 compiles the 
recorded spectra, organised on the basis of the temperature maintained in each 
experiment (250, 310, 340 and 400°C). A few spectra are missing due to lack or 
damage of certain samples when the measurements were performed. 
Figure 3.5.3a shows that the spectra of those oxides subjected to 250°C 
remained almost unaltered, featuring essentially the same bands as the initial 
samples: T2g and 2LO bands in the case of UO2, and T2g and 500-600cm-1 bands 
(marked again with a rhombus) for MOX samples. This suggests that no 
significant oxidation occurred, at least within the Raman laser penetration depth 
scale, which is estimated to be around 500 nm for our set-up and materials. 
However, a slight superficial oxidation seems to have taken place, as pointed out 
by: 1) an appreciable symmetry loss of the T2g band-shape and the appearance of 
a very broad feature around 700-800 cm-1 (characteristic of U3O8) in the UO2 
spectrum, and 2) the slight T2g shift detected for those MOX samples with the 
lowest Pu content (particularly in MOX 3.7). 
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Fig. 3.5.3. Raman spectra of (U1-y, Puy)O2 oxides, with 0 ≤ y ≤ 46, after 3 hour heat 
treatments at a) 250°C, b) 310°C, c) 340°C and d) 400°C under a synthetic air flow. 
Blank spaces correspond to missing spectra (due to lack or damage of certain samples 
when the measurements were performed) and have not been removed for the sake of 
clarity. 
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On the other hand, results obtained for the treatments at higher temperatures 
(Figures 3.5.3b-3.5.3d) indicate that all samples were oxidised to a greater or 
lesser extent. Indeed, apart from UO2, where traces of U3O8 could also be 
deduced from an additional band detected around 800 cm-1, the M4O9 phase was 
found to be stable in all the compositions after 3 hours at 310°C (Figure 3.5.3b). 
The sole presence of a remarkably shifted T2g mode and a broad and asymmetric 
band around 630 cm-1 was previously assigned to U4O9 [3]. Likewise, this shifted 
and broadened T2g band and a wide feature observed around 640-645 cm-1 have 
been recently associated with the M4O9 phase when oxidising both an aged MOX 
24 and an agglomerate (with about 20% Pu content) of a spent MOX fuel under 
the laser beam [19,21]. The same two features can be observed in every spectrum 
of Figure 3.5.3b, where an asterisk marks the appearance of the ca. 640 cm-1 
band. It should be noted that the 500-600 cm-1 band is no longer observed, what 
might suggest the disappearance of Frenkel-like defects and thus the formation of 
M4O9 as a new ordered structure where even the defects manage to rearrange. 
With regard to the other two treatments at higher temperatures (Figure 3.5.3c 
and Figure 3.5.3d), M4O9 was again the predominant phase, and the T2g band for 
each MOX composition was found to be more shifted to higher wavenumbers as 
temperature increased. In this case, the exceptions were UO2 and the MOX oxide 
with the lowest Pu concentration (i.e. MOX 3.7), which showed complete 
oxidation to M3O8 after the 340°C (Figure 3.5.3c) and the 400°C (Figure 3.5.3d) 
treatments. Conversion to M3O8 can be easily distinguished, owing to the 
appearance of several bands located at around 236, 342, 408, 480, 752 and 798 
cm-1 [41,49]. The intensity of the 752 cm-1 line seems to be higher and the 342-
480 cm-1 bands not so clearly defined for those oxides containing plutonium than 
for pure U3O8. No reference about this observation has been made in the literature 
before, to the best of our knowledge. In addition, a slight contribution can be 
detected around 800 cm-1 in the spectra of those MOX oxides that were not 
completely converted to M3O8 after the 400ºC treatment, especially MOX 14 and 
MOX 19 (Figure 3.5.3d). This might point out a minor presence of the M3O8 
phase, although the low signal-to-noise ratio of these spectra makes it difficult to 
clearly assess such possibility. 
All the latter results indicate that the main phase transitions (MO2 M4O9 
M3O8) of the uranium-plutonium mixed dioxides take place in air between 250°C 
and 310°C (on a time scale of several hours) and that, as previously quoted [1], 
Pu content plays a significant role with regard to the
 
fcc dioxide matrix 
preservation. In every heat treatment the M4O9 phase seems to be stabilised for 
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high Pu content samples, hence preventing, in overall terms, further oxidation to 
M3O8. Besides, the shift in the T2g mode of each partially oxidised MOX sample 
with respect to its initial T2g position, due to oxygen incorporation into the 
fluorite lattice [4,5], is less significant as the Pu proportion increases (Figure 
3.5.4), what points out that a higher Pu content also helps to slow down the 
dioxide matrix oxidation. 
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Fig. 3.5.4. T2g shift of the partially oxidised (U1-y, Puy)O2 samples (0.037 ≤ y ≤ 0.46) 
with respect to their initial position, as a function of the heat treatment temperature. 
 
3.5.3.2.2. XRD measurements 
Due to the small quantity (some mg) of the current MOX samples available, it 
was possible to perform a post-heat treatment powder XRD analysis only on a 
few of them. The results are shown in Figure 3.5.5. 
One can see in the lattice parameter vs. composition graph of Figure 3.5.5b 
that the formation of new oxides with O/M > 2 occurs in UO2-richer 
compositions heat-treated in air. This is signified by the fact that lattice 
parameters of fluorite-like phases heat treated in air at 310°C are slightly, but 
systematically, below the values predicted by Vegard’s law –except for MOX 
46– (see Table 3.5.II for further detail) [52]. This effect is larger the lower the Pu 
content, confirming that a higher oxidation takes place in U-richer samples. The 
only XRD measurement performed on a MOX sample treated at 400°C (MOX 
19) clearly shows a much greater deviation with respect to Vegard's-law 
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prediction in lattice parameter, as well as a large segregation of a M3O8 phase 
((U, Pu)3O8 in Figure 3.5.5a). Raman results are therefore qualitatively 
corroborated by XRD analyses. Since powder XRD is essentially a bulk 
characterisation technique, the agreement between XRD and Raman results also 
confirms that the current Raman data are representative of bulk oxidation 
behaviour, and not just for the “deep surface”. 
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Fig. 3.5.5. a) X-ray diffraction pattern of MOX 19 after the 400ºC heat treatment. b) 
Lattice parameters obtained for all the measured MOX samples, as a function of Pu 
content. The dashed line represents values predicted by Vegard’s law, taking as a 
reference UO2 and PuO2 experimental lattice parameters [50,51]. 
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Table 3.5.II. Experimental and predicted (from Vegard’s law for stoichiometric 
samples) lattice parameter values of the measured MOX oxides. 
SAMPLE 
HEAT 
TREATMENT 
APPLIED 
EXPERIMENTAL 
LATTICE 
PARAMETER (Å) 
VEGARD’S LAW 
PREDICTED 
LATTICE 
PARAMETER (Å) 
MOX 3.7 3h at 310ºC 5.465(1) 5.468(1) 
MOX 19 3h at 310ºC 5.454(1) 5.457(1) 
MOX 19 3h at 400ºC 5.426(1) 5.457(1) 
MOX 35 3h at 310ºC 5.443(1) 5.445(1) 
MOX 46 3h at 310ºC 5.438(1) 5.437(1) 
 
3.5.3.2.3. SEM images 
SEM images were acquired for a variety of MOX samples treated at 250ºC 
(Figure 3.5.6) and 400ºC (Figure 3.5.7), in order to qualitatively investigate the 
crystal grain morphology and correlate it to Raman and XRD results. 
 
Fig. 3.5.6. SEM images obtained for a) MOX 3 and b) MOX 46, after the 250ºC heat 
treatment. 
 
Figure 3.5.6 shows that grains in both MOX 3.7 and MOX 46 are large ( ≥ 10 
µm) and regular after the 250ºC heat treatment, suggesting that no significant 
microstructural evolution has taken place, in good agreement with Raman results. 
Nevertheless, MOX 3.7 grains seem to be slightly swollen (see pores 
 138                            Part 3. Result 5 
surroundings in Figure 3.5.6a), what might be ascribed to the minor superficial 
oxidation previously noticed by Raman spectroscopy for this sample. 
 
    
    
Fig. 3.5.7. SEM images obtained for a) MOX 3, b) MOX 14, c) MOX 35 and d) 
MOX 46, after the 400ºC heat treatment. 
 
On the other hand, the sequence of images presented in Figure 3.5.7 fairly 
depicts the hindering effect of Pu on the dioxide matrix oxidation, as observed by 
Raman and XRD. After subjecting them to 400ºC during 3 hours, each MOX 
sample exhibits a different surface aspect. If one compares Figure 3.5.7a with 
Figure 3.5.6a, it is evident that larger – most likely cubic – grains of MOX 3.7 
appear to be covered by a superficial layer of M3O8, commonly associated with a 
so-called "popcorn" effect [1]. A similar popcorn morphology can be partly seen 
also in MOX 14 (Figure 3.5.7b), which also shows considerably swollen and 
cracked grains (both inter and intragranularly). MOX 35 presents intergranular 
cracking only, with some swollen areas located in the openings originated by this 
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effect. MOX 46 looks similar to MOX 35, although with a more compact aspect, 
indicating a lower loss of integrity might have taken place. 
This qualitative analysis of the crystal grain aspect in various MOX samples 
shows an evolution of the sample surface morphology, which is in line with the 
trend derived from Raman spectroscopy analyses, i.e. the lower the Pu content, 
the larger the oxidation effects. 
 
3.5.4. Conclusions 
The surface oxidation of the matrix in a variety of uranium-plutonium mixed 
dioxides has been analysed by Raman spectroscopy under different temperature 
conditions, thereby assessing the effect of Pu content. 
In the case of MOX samples subjected to 250°C during 3 hours, no significant 
oxidation has been observed in any of the Raman spectra, except for the slight 
appearance of U3O8 traces in pure UO2. Higher temperatures are needed in order 
to trigger appreciable chemical reactions between oxygen and the present 
samples. However, for all other heat treatments (310, 340 and 400°C) oxidation 
does occur and the obtained data point out that a higher proportion of Pu slows 
down the dioxide matrix oxidation. In fact, M4O9 is observed as the intermediate 
stable phase in every MOX sample before oxidising to M3O8. XRD 
measurements and SEM images are in good agreement with Raman results, 
confirming the stabilising effect of Pu4+ on the fcc dioxide structure. 
The present study therefore shows, with the sole help of Raman spectroscopy, 
that (U, Pu) mixed dioxides are subject to further oxidation in air starting at a 
temperature between 250°C and 310°C, at least on a time scale of several hours. 
In any case, this work demonstrates that Raman spectroscopy is highly reliable 
for evaluating the uranium-plutonium dioxide fuel oxidation, since its 
transformation to M4O9 or M3O8 can be easily and quickly monitored with this 
technique. 
In addition, thanks also to its intrinsically non-contact nature and versatility, 
Raman spectroscopy can be envisaged as a suitable technique for the analysis of 
the oxidation behaviour of spent nuclear fuel, in case of shielding failure, under 
interim storage conditions. 
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Abstract 
A pre- and post-oxidation detailed Raman analysis has been carried out on a 
variety of (U1-y,Cey)O2 stoichiometries (y = 0.01, 0.03, 0.10, 0.15, 0.40). The 
changes undergone in the Raman spectrum of UO2 as a function of Ce 
incorporation have been examined, thus extracting valuable information on the 
structural features and changes of these solid solutions, including the presence of 
vacancies in the cations’ surroundings. Comparison of the results extracted from 
the post-oxidation analyses of Ce-containing samples with those obtained for 
pure UO2 confirms that a Ce content as low as 1 mol% leads to a protective 
effect on the dioxide matrix against oxidation and that, under identical 
conditions, the oxidation process is slowed down as Ce concentration increases. 
 
 
3.6.1. Introduction 
Uranium-cerium mixed oxides deserve special attention when addressing the 
stability of uranium-based spent nuclear fuel. This is not only because Ce is one 
of the fission products that is present in greater proportion in this type of fuel [1], 
but also because of the frequent use of CeO2 to simulate highly radioactive PuO2 
in the MOX fuel [2-4]. 
CeO2 and UO2 have similar structural properties, presenting both fluorite-type 
cubic ordering, which promotes the formation of solid solutions when combined 
[2-5]. In such (U, Ce)O2 mixed oxides, charge transfer between U4+ and Ce4+ ions 
has been widely reported [1,6-9]. While uranium tends to oxidise (up to U5+ and 
U6+), cerium tends to reduce to its lower oxidation state (Ce3+). The proportion of 
each chemical state of U and Ce in a given (U, Ce)O2 oxide is strongly dependent 
on Ce content, as observed by Bera et al. in their detailed XPS analysis [1]. These 
authors suggested that reduction from Ce4+ to Ce3+ results in the creation of 
defects, specifically in the form of stable oxygen vacancies. 
To understand the oxidation behaviour of (U, Ce)O2 and to explain how the 
chemical states of U and Ce evolve during this reaction, a couple of studies have 
been carried out at high temperatures (> 500ºC), mainly focused on X-ray 
diffraction data [2,4]. In these studies, an oxidation hindering effect has been 
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observed as Ce content increases. For instance, in both cases [2,4], for y < 0.4  –in 
(U1-yCey)O2– oxidation of the solid solutions leads to a mixture of an 
orthorhombic M3O8 phase (M=U,Ce) and a cubic M4O9 or MO2+x phase, while for 
y > 0.4 M3O8 is no longer observed. In addition, Kumar et al. [4] detected the sole 
presence of Ce4+ ions in the oxidised samples, what might indicate that the 
initially existing oxygen vacancies disappear before uranium oxidation begins. 
Despite the valuable information that could be extracted from Raman 
spectroscopy, especially with regard to the monitoring of oxygen vacancies 
observed on other mixed oxides [10-14], there is only one study that applies this 
technique to acquire a better understanding of uranium-cerium dioxides [15]. 
Furthermore, there is no account of Raman analyses on their oxidation products. 
Therefore, this paper presents for the first time a thorough Raman 
characterisation of a variety of (U, Ce)O2 oxides, paying special attention to the 
evolution of the UO2 Raman spectrum as Ce content increases, with the aim of 
understanding the changes occurring due to the incorporation of Ce. In addition, a 
post-oxidation Raman analysis is also addressed, in particular by comparing the 
spectra corresponding to the different oxidised samples to show the sensitivity of 
this technique to detect the influence of Ce concentration on the oxidation of 
mixed dioxides. 
 
3.6.2. Experimental 
3.6.2.1. Sample preparation 
The starting UO2 and CeO2 powders, both with an average particle size of ~15 
µm, were provided by ENUSA and Alfa Aesar, respectively. These materials 
were mixed in the intended proportions, together with 3% w/w of EBS (Ethyl Bis 
Stearamide, supplied by Tokyo Chemical Industry Co.) as binder and lubricant 
[16], using low-energy ball milling. Following a conventional metallurgical 
procedure, the mixtures obtained were subjected to uniaxial pressing at 700 MPa. 
Subsequently, a heating process under a N2-4.7%H2 flow –in order to avoid UO2 
oxidation– was conducted on all the green pellets, applying four consecutive 
steps: three isotherms at 100ºC (2 hours), 300ºC (4 hours) and 500ºC (4 hours) 
for calcination of the incorporated EBS, followed by the sintering isotherm at 
1600ºC for 4 hours. The binder proportion used, applied pressure and sintering 
cycle were established elsewhere [17] and adapted to this study. Polishing and 
thermal annealing were then carried out, which consisted in a 10 minutes 
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treatment at 1520ºC (95% of the sintering temperature) under the same N2-
4.7%H2 atmosphere. As a result, a series of (U1-yCey)O2 homogeneous solid 
solutions, with y = 0.01, 0.03, 0.10, 0.15 and 0.40, were obtained. The undoped 
UO2 disk used as a reference was also supplied by ENUSA, while pure CeO2 
characterised for extrapolation was previously fabricated following the procedure 
reported in Ref. 17. 
 
3.6.2.2. Oxidation procedure 
The oxidation of the UO2 and (U, Ce)O2 samples was performed by a Linkam 
THMS600 temperature controlled stage. The mechanical design and electronics 
of the Linkam stage provided precise control and stability of the temperature 
better than 0.2 degrees. A 10°C/min heating ramp was applied to reach the 
isothermal temperature, 350ºC, which was then maintained for 3 hours. A dry air 
flow was supplied throughout the process. Cooling was subsequently conducted 
with the help of the in-house refrigeration system. 
 
3.6.2.3. Characterisation techniques 
X-ray diffraction measurements on the mixed oxides were carried out by a 
Bruker D8 Advance Eco diffractometer, using Cu Kα radiation (λ = 1.54056 Å) 
and operating at 40 kV and 25 mA. The Bragg-Brentano configuration geometry 
was used. 
Raman spectroscopy analyses were performed with a Horiba LabRAM HR 
Evolution spectrometer. All spectra were acquired at an excitation wavelength of 
632.8 nm provided by a He-Ne laser. The scattered radiation was then collected 
in backscattering geometry, dispersed using a 600 grooves/mm holographic 
grating and recorded using a CCD detector (256 x 1024 pixels), obtaining a ~1 
cm-1/pixel spatial resolution and a spectral resolution of better than 3 cm-1. The 
obtained spectra were calibrated with the emission lines of a Ne lamp. The 
scattered radiation was collected through a 100x objective for characterisation of 
the pre-oxidation samples, while a 50x long focal distance objective was used to 
probe the oxidised samples in order to average the signal and to minimise the 
effect of the surface irregularities formed during oxidation. In all cases, the 
excitation power was minimised to avoid alteration of the samples. 
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3.6.3. Results and discussion 
3.6.3.1. Pre-oxidation characterisation 
Prior to oxidation, a systematic X-ray diffraction and Raman characterisation 
of all samples was performed. Figure 3.6.1 shows the values of the lattice 
parameters measured for the undoped UO2 disk and the sintered (U1-yCey)O2 
oxides (0.01 ≤ y ≤ 0.40), assuming that the cubic structure of UO2 prevails. The 
estimated lattice parameter value for pure CeO2, which is consistent with 
literature values [18], has also been included. 
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Fig. 3.6.1. Lattice parameter values estimated for pure UO2 and the sintered (U1-yCey)O2 
oxides, with 0.01 ≤ y ≤ 0.40. The lattice parameter value obtained for pure CeO2 is also 
included. 
 
A steady contraction of the lattice parameter is observed as Ce content 
increases (dashed line and equation inserted in Figure 3.6.1), as is expected from 
the partial substitution of U4+ ions by the smaller Ce4+ ions [19]. However, these 
data do not follow Vegard’s law, as they do not fall on a straight line between the 
pure UO2 and CeO2 values (dotted line in Figure 3.6.1). Some of the earlier 
studies on (U, Ce)O2 oxides were in good agreement with Vegard’s law [19,20] 
and attributed such behaviour to a near-stoichiometric state of their oxides [20]. 
In our case, an increasing deviation towards higher lattice parameter values, with 
regard to those predicted by Vegard’s law, is observed as a function of Ce 
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content. This would therefore imply that formation of stable oxygen vacancies 
had occurred in our samples, most likely related to an increasing presence of Ce3+ 
ions [1] (presenting larger atomic radii than Ce4+ ions [21]), leading to an 
expansion of the lattice (e.g. ~0.4 % for 40 mol% of Ce) [22]. 
Results of Raman characterisation are shown in Figure 3.6.2. Each spectrum 
actually consists of the average of 10 spectra acquired on different spots of the 
corresponding dioxide surface, with the aim of both confirming the samples 
homogeneity and enhancing the signal-to-noise ratio of the final spectra. In 
general terms, the UO2 Raman spectrum presents its two well-reported main 
features at ~445 cm-1 (T2g mode) and ~1150 cm-1 (2LO phonon overtone) [23,24]. 
As for the Ce-containing samples, a remarkable additional feature is observed 
around 500-600 cm-1, which continuously increases in intensity with increasing 
Ce content. Indeed, this feature grows in such a way that it even exceeds the 
intensity of the other bands at high doping concentrations. The Raman spectrum 
of pure CeO2, on the other hand, shows the expected single T2g mode at 465 cm-1 
[25]. 
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Fig. 3.6.2. Raman spectra of pure UO2 and CeO2 and the sintered (U1-yCey)O2 oxides, 
with 0.01 ≤ y ≤ 0.40. 
 
In order to better examine the spectra evolution as a function of Ce 
incorporation within the UO2 fluorite-like structure, a detailed peak-profile 
analysis was conducted making use of Lorentzian bandshapes. Figure 3.6.3 
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shows the UO2 and (U, Ce)O2 Raman spectra with the different contributions 
extracted from their corresponding profile fitting. The resulting fitted profiles are 
also shown for comparison purposes. 
200 400 600 800 1000 1200
a)
∼
 
620
2L
O
LO
T2
g
UO2
 
In
te
n
sit
y 
(A
rb
.
 
u
.
)
Wavenumber (cm-1)
200 400 600 800 1000 1200
b)
2L
O
∼
 
107
0
LO
∼
 
53
5
T2
g (U0.99Ce0.01)O2
 
In
te
n
sit
y 
(A
rb
.
 
u
.
)
Wavenumber (cm-1)
 
200 400 600 800 1000 1200
c)
2L
O
∼
 
10
70
LO
∼
 
53
5
T2
g
(U0.97Ce0.03)O2
 
In
te
n
sit
y 
(A
rb
.
 
u
.
)
Wavenumber (cm-1)
200 400 600 800 1000 1200
d)
2L
O
∼
 
10
70
LO
∼
 
53
5T2
g
(U0.90Ce0.10)O2
 
 
In
te
n
sit
y 
(A
rb
.
 
u
.
)
Wavenumber (cm-1)
 
200 400 600 800 1000 1200
e)
2L
O
∼
 
10
70
LO
∼
 
535
T2
g
(U0.85Ce0.15)O2
 
In
te
n
sit
y 
(A
rb
.
 
u
.
)
Wavenumber (cm-1)
200 400 600 800 1000 1200
f)
∼
 
10
70
2L
O
LO
∼
 
53
5
(U0.60Ce0.40)O2
 
In
te
n
sit
y 
(A
rb
.
 
u
.
)
Wavenumber (cm-1)
T2
g
 
Fig. 3.6.3. Profile analysis of the different (U1-yCey)O2 Raman spectra (0 ≤ y ≤ 0.4). 
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In the case of pure UO2, apart from the T2g and 2LO characteristic bands, two 
weak bands are observed at ~575 cm-1 and ~620 cm-1 (see Figure 3.6.3a), which 
are usually associated with lattice defects [26-29]. In particular, some studies 
have assigned a band at ~575 cm-1 to the LO mode and its observation has been 
related to a breakdown in the selection rules due to lattice distortions [27,28]. 
Likewise, a band around 620-630 cm-1 has often been attributed to oxidation, 
more precisely to cuboctahedral clusters formation due to further oxidation to 
U4O9 [27-30]. The appearance of the latter features in the UO2 spectrum might 
thus indicate that a minor surface oxidation affects slightly the lattice ordering. In 
accordance with the experimental equations published elsewhere [29], the 
oxidation degree of such hyperstoichiometric UO2+x would roughly correspond to 
x ~ 0.07. 
Raman spectra shown in Figures 3.6.3b-3.6.3f correspond to Ce-containing 
samples and present five bands. In addition to T2g, LO and 2LO peaks, two 
features are observed around 535 cm-1 and 1070 cm-1; but in this case the ~620 
cm-1 band is not observed, thus indicating that not even surface oxidation has 
been produced. 
A single-peak contribution is noticed for the T2g band of all the mixed oxides, 
what ascertains that it follows a one-mode vibration model, as expected for heavy 
metal dioxides mixtures [31,32]. The variation of this band position with Ce 
content has been quantitatively analysed in Figure 3.6.4 and compared to the 
expected values (dotted line in Figure 3.6.4), which have been calculated taking 
into account the influence on the T2g Raman shift of the changes produced in 
both the reduced mass and force constant by Ce incorporation. The force constant 
dependency on the interatomic distance has been modelled using the 
Guggenheimer model as described by Jules and Lombardi [33]. 
As can be seen, a small upshift is detected, just ~3 cm-1 up to (U0.60Ce0.40)O2 
instead of the slightly larger move that should be observed if assuming a one-
mode behaviour, where the T2g band would upshift on a proportional basis as Ce 
concentration increases, from pure UO2 to CeO2 corresponding wavenumbers 
[34]. For instance, this is what occurs in the case of (U,Pu)O2: the T2g band, 
which presents one-mode vibration behaviour [35-38], shifts towards higher 
wavenumbers between its position in UO2 and that in PuO2 as a function of Pu 
content [37,38]. The observed small upshift for (U,Ce)O2 oxides was already 
noticed by Ravindran and Krishnan [15], who reported it to be “only of the order 
of 5 cm-1 over 80 at.% substitution of cerium”. These authors did not provide any 
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explanation, but claimed that the contrast observed with regard to (U, Pu)O2 
indicates a quite different effect of Pu and Ce on UO2. We suggest that the 
contribution of Ce4+-O bonds, which are shorter [19] and hence stiffer than U-O 
bonds in the fluorite-like structure, is partially balanced with the weakness 
produced by the presence of stable oxygen vacancies in the surroundings of Ce3+ 
atoms, as also deduced from the X-ray diffraction analysis. 
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Fig. 3.6.4. T2g band position of the characterised (U1-yCey)O2 oxides as a function of 
Ce content (0.01 ≤ y ≤ 0.4). The corresponding values obtained for pure UO2 and CeO2 
are also included. The dotted line represents the expected values according to changes in 
both force constants (interatomic distance) and reduced mass. 
 
Furthermore, since various studies have associated a peak observed around 
530-540 cm-1 with the presence of oxygen vacancies [10-14,28], the occurrence 
of a band at ~535 cm-1 in the mixed oxides spectra (Figures 3.6.3b-3.6.3f) would 
confirm the reported presence of Ce3+ ions that lead to creation of stable oxygen 
vacancies [1]. On the other hand, to the best of our knowledge, no mention to the 
band found at ~1070 cm-1 has been made in the literature before. Indeed, these 
two new bands in the spectra of Ce-containing samples seem to continuously 
grow with the increase in Ce content, especially the one at ~535 cm-1, what 
corroborates the increasing presence of Ce3+ atoms that lead to a growing amount 
of oxygen vacancies. Such evolution has been quantitatively estimated by 
analysing, as a function of Ce content, the area ratio of both bands with respect to 
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that of the T2g band (A535/AT2g and A1070/AT2g). As can be seen in Figure 3.6.5, the 
two bands experiment a linear growth with the increase in Ce content. This 
parallel behaviour, as well as the fact that the wavenumber value of the ~1070 
cm-1 band is precisely twice the one corresponding to the ~535 cm-1 band, suggest 
that the ~1070 cm-1 band is actually the first overtone of the latter band. 
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Fig. 3.6.5. Evolution with Ce content of the normalised area, with respect to the T2g 
band, of the ~535 cm-1 and ~1070 cm-1 bands. 
 
3.6.3.2. Post-oxidation characterisation 
After the air oxidation treatment, which consisted in the 10°C/min heating 
ramp and the subsequent three hours isotherm at 350ºC, a detailed Raman 
spectroscopy analysis was performed on all the oxidised (U1-yCey)O2 specimens 
(0 ≤ y ≤ 0.40) in order to examine the influence of Ce content in the dioxide 
oxidation. 
Except for pure UO2, where complete oxidation to U3O8 was detected in 
various zones of the sample surface as shown in Figure 3.6.6, the intermediate 
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M4O9 phase (M=U,Ce) was found to stabilise in all cases [30]. This is reflected in 
Figure 3.6.7, which gathers the spectra acquired for the different uranium-cerium 
mixed oxides, as well as for UO2 on the zones that had not been completely 
turned into U3O8 (light areas in Figure 3.6.6a). Again, each Raman spectrum 
consists of the sum of ~10 similar spectra obtained on distinct spots of the 
corresponding dioxide surface. The various contributions extracted from the 
peak-profile analysis of these Raman spectra over the 350-750 cm-1 range are 
included. 
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Fig. 3.6.6. a) Optical image of the oxidised UO2 sample surface. b) Typical Raman 
spectrum of U3O8 [39,40],acquired on the dark shiny areas in a). 
 Ce effect on (U, Ce)O2 oxidation                                                                                            155  
 
 
200 400 600 800 1000 1200
(U0.90Ce0.10)O2
(U0.85Ce0.15)O2
(U0.60Ce0.40)O2
(U0.97Ce0.03)O2
(U0.99Ce0.01)O2
 
 
 
In
te
n
sit
y 
(A
rb
.
 
u
.
)
Wavenumber (cm-1)
UO2
 
Fig. 3.6.7. Raman spectra corresponding to the oxidised (U1-yCey)O2 samples (0 ≤ y ≤ 
0.4). Lorentzian peaks obtained from their profile analysis are also plotted. 
 
In this way, each oxide features the same five bands over the studied range. 
The three peaks observed at ~435, ~460 and ~495 cm-1 might correspond to the 
triplet (A1g, A1g and Eg modes, respectively) originated by the splitting of the 
triply degenerate T2g band due to symmetry loss, as occurs when it is transformed 
to the orthorhombic U3O8 phase [39,40]. The other peaks located at ~605 and 
~635 cm-1 seem to be the LO and oxidation-related bands, accordingly, although 
now considerably shifted with respect to their pre-oxidation positions. Indeed, 
Desgranges et al. observed in U4O9 a similar broad band centred on ~630 cm-1 
which they associated with oxidation [30]. 
Therefore, an oxidation degree comparison of the treated (U, Ce)O2 oxides 
was carried out by analysing the area ratio of the ~635 cm-1 band with respect to 
that of the T2g band (A635/AT2g) in each case. The ~460 cm-1 peak was taken as a 
reference of T2g for the analysis, since it is the most representative among the 
triplet if considering a single broad T2g band. As can be seen in Figure 3.6.8a, the 
latter area ratio decreases in general terms as a function of Ce content, suggesting 
the detection of higher oxidation degrees on U-richer samples. For greater 
reliability, the T2g band shift undergone by every oxide, with regard to its 
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corresponding pre-oxidation position, was also examined. This method allows us 
to extract the oxidation contribution, as previously performed on heat treated (U, 
Pu)O2 oxides [38]. Figure 3.6.8b shows how the studied shift is continuously 
smaller, and thus the oxidation degree lower, as Ce concentration increases, in 
good agreement with the results obtained from the preceding analysis. 
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Fig. 3.6.8. a) Evolution of the normalised area –with respect to T2g band– of the ~630 
cm-1 oxidation-related peak and b) T2g band shift due to oxidation, as a function of Ce 
content. 
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The latter tendency, observed by the sole means of Raman spectroscopy in 
this work, is in line with the previously noticed hindering effect on (U, Ce)O2 
oxidation caused by the increasing presence of Ce [2,5], what might be attributed 
to a diminished oxygen mobility in the contracted lattice. In addition, unlike 
UO2, Ce-containing dioxides presented no trace of further oxidation to M3O8; not 
even the one with only 1 mol% substituted. Thus, these Raman results also 
confirm that the presence of Ce within the UO2 lattice helps to preserve the 
dioxide integrity longer, i.e. to resist the formation of M3O8 [2,5]. A similar 
effect due to the presence of Pu within the UO2 fluorite structure has been 
recently noted [38], pointing out the comparable overall behaviour of (U, Ce)O2 
and (U, Pu)O2 against oxidation. 
 
3.6.4. Conclusions 
Pre- and post-oxidation Raman characterisation has been conducted on 
various (U1-yCey)O2 oxides, with y = 0.01, 0.03, 0.10, 0.15, 0.40, in order to attain 
a better understanding of the structural features of these uranium-cerium mixed 
dioxides. 
In this way, previous to oxidation, the evolution of UO2 Raman spectrum as a 
function of Ce incorporation has been examined. The linear increase with Ce 
content of the band related to vacancies, located at ~535 cm-1, confirms the 
previously reported presence of Ce3+ ions. Besides, a new band found at ~1070 
cm-1 has been proposed as the first overtone of the latter band, since it follows the 
same growing behaviour with Ce content. The T2g band position has also been 
studied as a function of Ce concentration, showing a smaller upshift than that 
expected; a fact that can be interpreted as an evidence of the vacancies influence 
in the corresponding cations surroundings. 
With regard to the oxidised samples analysis, it has been observed that the 
oxidation degree attained is less significant as Ce concentration increases, what 
sustains the protective effect of Ce. Furthermore, comparison with pure UO2 
indicates that even 1 mol% Ce doping is sufficient to induce a hindering effect on 
the dioxide matrix oxidation, resisting M3O8 formation and stabilising the M4O9 
phase on the time scale studied. 
Thus, it can be concluded that (U, Ce)O2 behaves, in general terms, like (U, 
Pu)O2, at least with regard to the delay it provokes on the dioxide matrix 
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oxidation. Nevertheless, care should be taken when comparing them at a local 
level, since our Raman spectroscopy analysis reveals that the structure of these 
two materials is not exactly similar. This raises the question as to whether it is 
certainly adequate to use (U, Ce)O2 as a surrogate for MOX fuel in research 
studies. 
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Taking into consideration the specific outcomes reflected throughout the 
scientific publications that compose this work (Part 3), certain overall inferences 
can be hereinafter drawn. 
Above all, one thing has become clear: the feasibility of the Raman 
spectroscopy technique for obtaining reliable data on nuclear materials, with an 
obvious subtlety and safety advantage over other conventional techniques. 
The performance of a detailed analysis on the Raman spectra acquired for the 
different characterised samples has allowed us to obtain relevant information on 
the studied materials. 
In fact, the furnished data have demonstrated to be extremely valuable for 
gaining a better understanding of structural features at the local level, being 
capable of tracking the evolution of defects associated with oxygen incorporation 
during oxidation (Result 1 and Result 2), cations substitution (Result 5 and Result 
6) or presence of vacancies (Result 6). In some cases, the completion of a
quantitative analysis has even helped to test theoretical assumptions on structural 
transitions as well as to elaborate a specific method to characterise the oxidation 
degree of the samples (Result 1). 
On the other hand, the Raman technique has proven to be pretty useful for in 
situ characterising the chemical reactions taking place on a given sample, either 
by making use of an external temperature controlled stage (Result 2) or by 
applying the developed Raman laser heating method (Result 3), placing special 
value on the role of temperature in both cases. In addition, fundamental analyses, 
such as those involving the in situ assessment of the Raman spectrum temperature 
dependence (Result 4), can be carried out with this technique. 
Furthermore, it has been shown that Raman spectroscopy is highly reliable for 
evaluating the effect of the presence of transuranic elements on the SNF dioxide 
matrix oxidation, since its transformation to the various oxidation products can be 
easily and quickly monitored (Result 5 and Result 6). 
All in all, the Raman technique can be regarded as an optimal tool for 
analysing the spent nuclear fuel condition and its stability against oxidation under 
dry interim storage conditions. In addition, its intrinsically non-contact nature and 
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versatility paves the way to use this technique for the assessment of the spent fuel 
condition at the time of its future retrieval from the temporary storage. Such a 
simple evaluation would enable properly and safely refurbishing the spent fuel 
either for its reprocessing or its final deep geological disposal. 
